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Newburyport  Harbor  Model,  a  fixed-bed  mo. lei  with  provisions  tor  conver¬ 
sion  to  a  inovati  I  e-bed  model,  was  const  ructc’il  to  scales  of  1:300  horizontally 
and  1:100  vertically  and  reproduced  all  of  Newburyport  Harbor,  the  Merrimack 
River  to  the  head  id  tidal  influence,  and  a  portion  of  the  Atlantic  Ocean 
ad|ucent  to  the  harbor  entrance.  The  model  was  equipped  with  the  necessary 
appurt eiiam i s  tor  accurate  reproduction  and  measurement  of  t ides,  tidal 
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20.  ABSTRACT  (Continued). 

currents,  salinities,  freshwater  inflows,  density  elicits,  and  >tber  important 
prototype  phenomena.  Verification  tests  were  conducted  t  <  >  make  ,ert.iui  that 
the  model  hydraulic  and  salinity  regimens  agreed  with  those  o!  the  prototype. 
The  agreement  attained  between  similar  model  and  prototype  values  were  con¬ 
sidered  satisfactory.  A  second  verification  phase  was  completed  and  accepted 
in  which  shoaling  and  scour  patterns  in  the  entrance  area  for  periods  of 
6  months  and  1  year  were  simulated. 

The  purpose  of  the  model  study  was  to  determine  the  effects  of  proposed 
improvement  plans  on  existing  hydraulic,  salinity,  flushing,  and  entrance 
shoaling  and  scour  conditions.  sSix  plans  were  selected  for  extens i ve /mode  1 
testing.  Test  results  consist  of  comparable  measurements. of  tidal  heights, 
current  velocities,  salinities,  surface  current  patterns,  dye  dispersion,  and 
shoaling  and  scouring  for  base  and  proposed  improvement  conditions.  Analysis 
of  these  data  indicates  that  none  of  the  six  plans  would  cause  any  significant 
overall  effects  to  base  condition  tidal  heights,  salinities,  or  dye  dispersion. 
The  data  analysis  does  indicate  very  significant  changes  in  current  patterns 
and  magnitudes  and  in  shoaling  and  scour  in  the  entrance  area  and  on  the  outer 
bar.  Most  effects  were  confined  to  the  local  area  of  the  plan  but  generally 
influenced  overall  conditions  throughout  the  estuary  very  little.  Plans  in¬ 
cluding  the  curved  extension  to  the  north  jetty  (Plans  3B,  BE,  and  BX)  would 
each  result  in  a  small  reduction  to  the  shoaling  rates  in  the  outer  bar 
channel  but  would  cause  increased  shoaling  over  the  inner  bar  and  seaward  end 
of  the  channel  to  such  a  degree  as  to  offset  the  gains  realized  in  the  outer 
bar  channel.  These  three  plans  and  Plan  2C  would  cause  hazardous  navigation 
conditions  through  the  entrance  due  to  the  extremely  high  current  velocities 
generated  by  the  plans.  Plans  D  and  3E  had  the  least  effects  of  any  of  the 
plans  on  entrance  shoaling  and  scour.  None  of  the  six  plans  tested  had  any 
significant  effect  on  shoaling  and  scour  rates  or  patterns  along  the  beaches 
and  offshore  areas.  Each  plan  resulted  in  a  general  but  small  increase  in 
shoaling  along  the  eastern  half  of  the  north  shoreline  of  Plum  Island.  Plan  D 
provided  complete  protection  of  the  north  shoreline  of  Plum  Island. 
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PREFACE 


The  model  study  reported  herein  was  requested  by  the  US  Army  Engineer 
Division,  New  England  (NED),  in  a  letter  to  the  Office,  Chief  of  Engineers, 

US  Army,  dated  28  June  1972,  and  was  subsequently  approved  in  a  letter  to 
NED  dated  26  September  1972.  Authority  to  initiate  the  investigation  was 
granted  by  NED  in  a  letter  to  the  Director,  US  Army  Engineer  Waterways  Experi¬ 
ment  Station  (WES),  dated  8  August  1973. 

Design  and  construction  of  the  model  were  accomplished  during  the  period 
August  1973-January  1975;  hydraulic  and  salinity  verifications  were  carried 
out  during  the  period  February  1975-October  1975.  Hydraulic,  salinity,  and 
dye  dispersion  base  tests  were  performed  during  the  period  November  1975- 
March  1976.  Fixed-bed  entrance  shoaling  verification  was  carried  out  during 
the  period  February  1977-July  1977.  After  completion  of  all  fixed-bed  model 
verifications  and  base  tests,  the  general  investigation  was  initiated.  All 
programmed  testing  was  completed  in  September  1977.  This  report  describes 
the  problems  that  necessitated  the  model  investigation,  the  model  and  its 
appurtenances,  verification  and  base  tests,  and  studies  conducted  in  the  model. 

This  study  was  conducted  in  the  Hydraulics  Laboratory  of  WES  under  the 
general  supervision  of  Messrs.  H.  B.  Simmons,  Chief  of  the  Hydraulics  Labora¬ 
tory;  F.  A.  Herrmann,  Jr.,  Assistant  Chief  of  the  Hydraulics  Laboratory; 

R.  A.  Sager,  Chief  of  the  Estuaries  Division;  G.  M.  Fisackerly,  Chief  of  the 
Harbor  Entrance  Branch;  and  N.  J.  Brogdon,  Jr.,  Project  Engineer.  Technicians 
of  the  Estuaries  Division  who  assisted  throughout  the  investigation  included 
Messrs.  D.  M.  White,  J.  J.  Holman,  and  C.  W.  Dorman.  This  report  was  prepared 
by  Messrs.  Brogdon  and  White. 

Commanders  and  Directors  of  WES  during  the  course  of  the  investigation 


and  the  preparation  and  publication  of  this  report  were  COL  G.  H.  Hilt, 
COL  John  L.  Cannon,  CE ,  COL  Nelson  P.  Conover,  CE ,  COL  Tilford  C.  Creel 
and  COL  Robert  C.  Lee,  CE .  Technical  Director  was  Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  US  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


US  customary  units  of  measurement  used  in  this  report  can  be  converted  to 
metric  (SI)  units  as  follows: 
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gallons  per  day 
i  riches 
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square  feet 

square  miles  (US  statute) 
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ki lometres 
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NEWBURYPORT  HARBOR,  MASSACHUSETTS 
DESIGN  FOR  HYDRODYNAMICS,  SALINITY,  AND  SEDIMENTATION 


Hydraulic  Model  Investigation 


PART  I:  INTRODUCTION 

Background 

1.  Newburyport  Harbor  is  located  on  the  northern  coast  of  Massachusetts 
about  54  miles-’'  by  water  north  of  Boston  and  20  miles  southwest  of  Portsmouth, 
New  Hampshire  (Figure  1).  Newburyport  Harbor  was  constructed  during  the 
period  July  1881-October  1914.  The  city  of  Newburyport  is  the  principal  busi¬ 
ness  center  for  several  nearby  towns  and  the  summer  resorts  of  Plum  Island 
and  Salisbury  Beach,  which  are  situated  on  the  south  and  north  sides,  respec¬ 
tively,  of  the  entrance  to  Newburyport  Harbor. 

2.  The  initial  navigation  project  for  Newburyport  Harbor  adopted  in 
1880  provided  for  the  construction  of  converging  rubblestone  jetties  extending 
from  Salisbury  Beach  on  the  north  and  Plum  Island  on  the  south.  The  south 
jetty  was  completed  to  full  cross  section  (crest  el  +12.0  ft  NGVD*''")  in  1905 
and  had  a  total  length  of  about  2,415  ft.  The  north  jetty  was  completed  in 
1914  to  the  same  cross  section  and  crest  elevation  as  the  south  jetty  for  a 
total  length  of  about  4,118  ft.  The  outer  1,000  ft  of  the  north  jetty  was 
constructed  parallel  to  the  outer  1,000  ft  of  the  south  jetty,  thereby  pro¬ 
viding  an  entrance  width  of  about  1,000  ft.  This  project  provided  minimum 
depths  of  12  ft  during  most  favorable  conditions.  Modifications  to  above 
project  completed  in  1957  provided  for  a  navigation  channel  400  ft  wide  hy 

12  ft  deep  mlw  (mean  low  water  or  -16  ft  NGVD)  over  the  outer  bar  and  through 
the  jetties,  then  200  ft  wide  and  9  ft  deep  mlw  (-13  ft  NGVD)  to  the  Route  1 
Bridge.  A  turning  basin  was  provided  immediately  downstream  from  the  Route  1 
Hr i dge . 

1.  Neither  the  above  project  nor  periodic  maintenance  dredging  has 

A  table  of  factors  tor  converting  US  customary  units  of  measurement  to 
metric  (SI)  units  is  presented  on  page  1. 

All  elevations  (el)  <  i t ed  herein  are  in  feet  referred  to  the  National 
Geode  t  i  i  Vert  K  a  I  Datum  ( NGVD  )  . 


proved  satisfactory  in  maintaining  an  adequate  channel  entrance.  Rehabilita¬ 
tion  work  on  the  jetties  between  the  period  1968-1970  resulted  in  reduced  wave 
heights  in  the  entrance  channel  and  reduced  sand  bypassing  the  jetty  struc¬ 
tures,  thereby  resulting  in  widening  the  adjacent  beaches;  however,  the 
entrance  channel  continues  to  be  unsatisfactory. 

4.  Very  extensive  erosion  to  the  north  shore  (eastern  half)  of  Plum 
Island  began  when  a  series  of  three  severe  storms  struck  the  area  in  early 
1969.  This  erosion  continued  to  be  a  problem  to  the  extent  that  the  US  Coast 
board  Station  and  other  property  in  this  area  are  in  danger.  In  1970,  a  plan 
to  extend  the  south  jetty  landward  together  with  placing  dredged  material  in 
the  area  was  devised  and  implemented  in  an  effort  to  check  this  erosion. 
However,  erosion  of  the  north  shore  of  Plum  Island  continued  to  the  extent 
that  the  extension  of  the  south  jetty  was  flanked.  It  is  believed  that  the 
eroded  material  contributed  to  the  growth  of  the  inner  bar  resulting  in  the 
channel  being  forced  against  the  north  jetty. 

5.  Two  hydraulic  models  were  constructed  and  tested  at  the  US  Army 
Engineer  Waterways  Experiment  Station  (WES)  to  study  plans  designed  to  elimi¬ 
nate  or  minimize  these  problems.  The  distorted  estuary  model,  reported  herein, 
was  used  to  determine  probable  effects  of  various  improvement  plans  on  the  ^ 
existing  hydraulics,  salinity,  and  entrance  shoaling  conditions.  In  addition 
to  the  modi' I  study  reported  herein,  an  wndistorted  model  built  to  scale  of 

1  :  ,;r>  was  used  to  study  the  effects  of  wave  conditions  on  shoaling  and  erosion 
with  the  pi  /posed  improvement  plans  installed  in  the  model  and  to  determine 
the  effects  of  various  jetty  crown  elevations  ->n  wave  overtopping,  wave 
runup,  etc. 


Pu rpose 

6.  The  model  study  was  loinlucted  to  determine  the  effects  of  11  plans 
on  subsurface  current  velocities,  surface  current  patterns,  salinity,  dye 
dispersion,  and  entrance  shoaling  and  scour. 


.  R.  C'urreri  arid  .  E.  (.‘fiat  bam.  It  I1)/1)  (Feb).  "Newbriryport  Harbor, 
Mas  sac  fiuse t t s  ;  Design  for  Wave  Protection  and  Erosion  Control,"  Technical 
Report  HI, -79-1,  Report  I,  IS  Army  Engineer  Waterways  Experiment  Station, 
Vicksburg,  Miss. 


b 


Scope 


7.  Eleven  proposed  improvements  plans  were  investigated  during  the 
course  of  this  model  study.  Five  of  these  plans  were  subjected  to  brief  tests, 
primarily  visual  observations  and  surface  current  pattern  photographs.  Six 
plans  were  subjected  to  extensive  testing  to  determine  their  effects  on  base 
condition  hydraulics,  salinities,  dye  dispersion,  and  entrance  shoaling  and 
scouring.  This  report  contains  the  results  of  those  tests. 

The  J3 rototype 

8.  The  estuary  diverges  (Plate  1)  from  the  Merrimack  River  at  Newbury- 
port.  Mass.,  about  3.5  miles  west  of  the  entrance,  to  a  maximum  width  of  about 
1.75  miles.  Extensive  mud  fiats  exist  on  either  side  of  the  navigation 
channel.  The  estuary  is  separated  f rom  the  Atlantic  Ocean  by  two  barrier 
islands,  Plum  Island  on  the  south  and  Salisbury  Beach  to  the  north.  The  es¬ 
tuary  is  connected  to  Plum  island  Sound  located  about  8.5  miles  to  the  south 
by  t  lie  P 1  urn  Island  River. 

0  .  [’he  entrance  to  Newhuryport  Harbor  is  about  1,000  ft  wide  and  is 
protected  by  two  converging  cobblestone  jetties  extending  from  Salisbury 
Be.nh  on  the  north  and  Plum  Island  on  the  south.  The  authorized  navigation 
ihunnel  i  mined  ing  t  tie  Atlantic  Ocean  and  the  city  of  Newhuryport  is  400  ft 
wide  and  It)  It  deep  (NOVIl)  over  t  he  outer  bar  and  through  the  jetties,  200  ft 
wide  and  1 i  It  deep  (NOVI))  I rom  the  landward  end  of  the  jetties  to  the  wharves 
a t  Newhu rypo r  t  . 

10.  Average  daily  freshwater  discharge  for  the  Merrimack  River  is  about 
!  .000  ds,  ranging  from  more  than  23,000  cfs  in  the  spring  to  about  1,700  cts 
in  the  fall.  The  mean  semidiurnal  tid  range  at  the  harbor  entrance  is  about 


PART  I  I  :  THK  MOUKI. 


Desc  r  i_pt  i  on 


11.  ['he  Newhu  rypo  r  t  Harbor  model  reprmlm  cs  a  i  >  j  >  nix  i  m.i  1 1*  I  V  f>r)  square 
ii!  i  it-s  ot  t!u“  prototype  .1  rea  including  the  Merrim.uk  River  to  head  ot  tide; 
the  Atlantic'  roast  from  about  2.5  miles  north  of  the  north  jetty  to  about 
2.5  miles  south  of  the  south  jetty  and  offshore  areas  well  beyond  the  -1)0  It 
contour;  and  the  system  of  sloughs  and  creeks  that  affec  t  tidal  art  ion  through 
out  the  model  area.  The  model  upstream  from  Artichoke  River  was  constructed 
in  labyrinth  form  in  order  to  conserve  shelter  space,  thereby  voiding  the 
usefulness  of  any  type  of  data,  other  than  tidal  data,  collected  therefrom. 

The  limits  of  the  area  reproduced  are  shown  in  Plate  1.  A  general  view  of  the 
model  is  shown  in  Figure  2. 

12.  The  model  was  constructed  to  linear  scale  ratios,  model  to  proto¬ 
type,  of  1:300  horizontally  and  1:100  vertically.  From  these  basic  ratios 
the  following  scale  relations  were  computed  by  the  Froudian  relations:  slope 
3:1,  velocity  1:10,  time  1:30,  discharge  1:300,000,  volume  1:9,000,000,  area 
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salinities  throughout  the  model.  Keprodurt i on  of  prototype  salinity  phenomena 
m  the  model  required  the  maintenance  <>1  the  proper  salinity  in  the  ocean 
water-supply  system  and  the  establishment  of  the  proper  mixing  environment. 

The  prototype  salinity  data  used  in  this  phase  of  the  study  were  obtained 
simultaneously  with  the  above  prototype  hydraulic  data.  Salinity  ob.serv.it  ions 
were  made  at  hourly  (prototype)  intervals  in  both  the  mode!  and  prototype. 
These  data  were  plotted  and  smooth  curves  were  drawn  through  the  points  and 
are  compared  with  corresponding  prototype  curves  in  Plates  34-57.  The  agree¬ 
ment  demonstrated  lie tween  model  and  prototype  is  considered  excellent.  It  is 
pointed  out  that  no  additional  adjustment  of  the  model  was  necessary  to  obtain 
the  agreement  shown  in  Plates  34-57.  This  substantiates  the  model  adjustment 
of  tides  and  curren' s  and  indicates  that  the  upland  fresh  water  was  being 
properly  mixed  with  salt  water  from  the  ocean  supply. 

Entrance  Area  Fixed-Bed  Shoaling  and  Scour  Veri f i cat  ion 

38.  This  phase  of  the  verification  involved  a  t r i a  1 -and-er ro r  procedure 
to  identify  a  model  shoaling  material  and  a  model  operating  technique  that 
attained  the  most  satisfactory  reproduction  of  the  known  prototype  shoaling 
and  scour  distribution  in  the  entrance  area.  During  this  phase  of  the  model 
study,  the  entrance  area  was  molded  to  conform  to  the  fall  1973  prototype 
hydrographic  survey.  The  entrance  area,  outer  bar,  and  a  portion  of  the 
adjacent  beach  areas  were  subdivided  into  395  test  sections  as  shown  in 
Plate  58.  This  grid  was  painted  on  the  model  floor.  Scour  and  shoaling  pat¬ 
terns  for  the  entrance  area  were  determined  for  two  prototype  hydrographic 
surveys,  fall  1973  to  spring  1974,  and  fail  1973  to  fall  1974,  as  shown  in 
Figures  'I  and  10,  respectively.  To  facilitate  a  better  comparison  for  the 
test  (direct  comparison  later  to  plan  test),  scour  and  shoaling  in  each  sec¬ 
tion  for  each  period  were  weighed  and  labeled  either  scour  or  shoal  as  indi- 
c u  t  oil  in  Figures  11  and  12.  The  fall  1973  survey  was  used  as  the  base  for 
determining  changes  during  the  above  periods. 

it*.  The  initial  step  was  to  determine  a  material  that  would  respond  in 
the  model  as  sand  does  in  the  prototype.  Several  materials  were  tried  before 
the  final  selection  was  mule.  The  material  that  responded  best  was  granulated 
nvlmi  with  a  mean  grain  size1  of  1/8  in.  and  a  specific  gravity  of  1.14.  Ibis 
ma t e r  i a  I  was  placed  uniformly  by  hand  over  the  entire  test  area  at  a  rate  of 
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.1  ml  is  due  primarily  l  <  >  the  artificial  s<m  t  he  rti  model  limit  discussed  in 
paragraph  Si.  I'he  prototype  reading  at  title  sta  7  (Wallace  Boat  Yu  rd  )  was 
unusually  low  during  the  high-water  period  on  the-  22  Nav  19/4  sampling  period. 
Ihts  station  1 1 a > I  previouslv  been  found  in  error  and  it  appears  that  the  high- 
water  d.it. i  art'  in  error  since'  t  hey  were  about  1.0  to  I  .  r)  It  lower  than  the 
preceding  and  following  high-water  elevations.  how-water  elevations  tor  the 
period  preceding,  during,  and  following  the  sampling  period  at  this  location 
were  approximately  the'  same;  therefore  the  discrepancy  shown  in  Plates  7  and  9 
for  this  station  is  probably  not  as  great  as  indicated.  Plate's  7  and  9  have 
not  been  corrected  since  no  correction  factor  is  known. 

Adjustments  of  currents 

ih  .  The  objective  of  the'  model  current  adjustment  was  to  obtain  an 
ai i urate  reproduction  ot  prototype  current  velocities  and  distributions 
throughout  the  model.  Prototype  current  velocity  data  were  available  a t 
\2  stations  located  on  4  ranges;  locations  of  ranges  and  stations  are  shown  in 
Plate  1.  Prototype  readings  were  made  at  the  surface,  middepth,  and  bottom 
elevations  lor  a  period  of  lli  hr  at  each  station.  Simultaneous  readings  at 
each  of  the  12  locations  were  made  during  each  of  the  two  prototype  sampling 
pc  rinds. 

if).  The  procedure  fell  lowed  for  adjustment  of  current  velocities  was  to 
reproduce  each  of  the  two  tidal  and  discharge  conditions  in  turn  and  adjust 
t  lie  model  roughness  until  the  current  velocities  at  each  metering  station  were 
reproduced  in  the  model  to  an  acceptable  accuracy.  The  freshwater  discharge' 
values  used  during  the  current  velocity  verification  were  weighted  average's  of 
metered  discharges  observed  on  the  date  of  the  survey.  Comparisons  of  model 
and  prototype'  current  velocities  for  all  stations  on  each  prototype  date  arc' 
shown  in  Plates  10-  ft.  Measurements  obtained  at  half-hour  intervals  were 
plotted  for  both  model  and  prototype',  and  smooth  curves  were  drawn  through  the' 
points.  No  attempt  will  be  made  to  discuss  each  comparison  of  prototype  and 
model  measurements,  but  the  agreement  obtained  throughout  the  model  is  con¬ 
sidered  to  be  very  satisfactory. 

Sa  I  i  u  i  t  y  Ve  r  i  fi  c.i  t  i  on 

17.  The  ol>  |  ei  t  i  v*“  of  the  model  salinity  adjustment  was  to  obtain  an 
an  ir  lie  r ep rodii c  l  i  on  of  t  lie  vertical  and  lateral  distribution  of  prototype 
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31.  The  procedure  followed  was  to  adjust  the  tide  generator  in  such  a 


manner  that  the  tides  generated  in  the  model  ocean  would  cause  an  accurate 

reproduction  of  prototype  tides  at  sta  4  (Coast  Guard  Station),  then  to  adjust 

the'  model  roughness  until  prototype  tidal  elevations  and  times  were  reproduced 

to  scale'  throughout  the  model.  Once  an  acceptable  verification  was  achieved, 

the  control  station  was  relocated  to  the*  pit  (sta  1)  and  thereafter  remained 

the  same  throughout  base  and  plan  tests.  j 

32.  Comparison  of  model  and  prototype  tidal  data  for  the  two  tides  \ 

reproduced  in  the  model  are  presented  in  Plates  2-9.  Plates  2-4  show  tidal 
elevations  for  the  13  September  1973  tide  conditions  at  the  South  Jetty 

(sta  2),  Plum  Island  Bridge  (sta  3),  Coast  Guard  Station  (sta  4),  Butler's  j 

Toothpick  (sta  5),  Route  1  Bridge  (sta  6),  Wallace  Boat  Yard  (sta  7),  and  Bates  < 

Bridge  (sta  8)  tide  stations.  High-,  mean-tide,  and  low-water  levels  and  range 
of  tide  profiles  are  presented  in  Plate  5  for  the  13  September  1973  tide 
condition.  The  greatest  discrepancy  in  tidal  range  and  high-  and  low-water 
levels  occurred  at  the  Plum  Island  Bridge  sta  3.  This  station  is  located 
near  the  southern  limits  of  the  model.  In  the  prototype,  Plum  Island  River 
connects  Newlniryport  Harbor  to  Plum  Island  Sound  about  10  miles  to  the  south. 

This  condition  was  not  reproduced  in  the  model  as  only  about  3  miles  of  the 
Plum  Island  River  was  reproduced.  Although  tidal  effects  extend  beyond  the 
station  location  in  the  prototype,  there  was  no  supplemental  provision  for  the 
passage  of  tidal  flow  at  the  southern  model  limits.  Since  the  tidal  flow  in 
this  area  is  quite  small,  and  since*  this  area  is  sufficiently  far  enough,  away 
from  the  potential  problem  areas  that  might  have  been  subject  to  model  inves¬ 
tigations,  provision  for  such  tidal  flow  would  have  involved  an  unnecessary 
expense . 

33.  Another  notable  discrepancy  occurred  at  Route  1  Bridge  (sta  6); 
however,  it  is  he  I  i evrd  that  the  recording  pen  or  staff  gage  zero  was  set 
about  0 .  r>  It  too  low  in  the  prototype  on  this  particular  date.  This  correc- 
t  ion  has  not  been  mad*’  in  Plate  3  or  5  hut  should  he  taken  into  consideration 
in  the  final  analysis.  Sta  7  and  8  wore  located  in  the  labyrinth  section  of 
the  model  and  are  considered  to  he  within  acceptable'  range  of  accuracy  for 
model  tidal  a d | us t men t .  Prototype  data  at  sta  7  were  incomplete  on  this  date 
o  t  ihl  t  a  coll  ec  t  i  on  . 

(4  .  Plates  (>-')  show  the  veri  tic.it  ion  results  lor  the  22  May  1974  proto¬ 


type  tide  condition. 


Sta  3  (Plate  0  )  again  reflects  the  maximum  discrepancy 


HART  III:  VERIFICATION  OF  THE  MODEL 


27.  Tin-  verification  nt  the  Newlmryport  Harbor  fixed-bed  model  was 
accomplished  in  three  phases:  (a)  hydraulic  verification,  which  ensured  that 
tidal  elevations  and  times,  and  current  velocities  and  directions  were  in 
proper  agreement  with  tin'  prototype;  (b)  salinity  verification,  which  ensured 
that  salinity  phenomena  in  the  model  corresponded  to  those  of  the  prototype 
for  similar  i  mid i t ions  of  tide,  ocean  salinity,  and  freshwater  inflow;  and 
ic)  fixed-bed  entrance  shoaling  and  scour  veri fii.it  ion,  which  ensured  accept¬ 
able  reproduction  of  prototype  shoaling  and  scour  distribution  and  patterns 
within  the  entrance  area  and  over  the  outer  bar. 

28.  I  fie  accurate  reproduction  of  hydraulic  and  salinity  phenomena  in 
an  estuary  model  is  an  important  phase  in  the  preparation  of  the  model  for 
its  ultimate  use  in  evaluating  the  effects  of  proposed  improvement  works. 
Every  effort  was  made  to  obtain  a  comprehensive  verification  of  all  pertinent 
phenomena . 


Hydraulic  Verification 

Prototype  data 

29.  In  September  197  5  and  May  1974  the  US  Army  Engineer  Division,  New 
England  (NED),  in  conjunction  with  the  WES  Hydraulics  Laboratory  undertook  a 
prototype  metering  program  in  the  Newburyport  Harbor  to  obtain  data  with  which 
to  adjust  and  verify  the  Newlmryport  Harbor  estuary  model .  Two  prototype 
surveys  were  roriduited  to  secure  data  covering  two  widely  varying  prototype 
inndit  ion:..  Hie  survey  conducted  on  1  <  September  197  i  represented  a  period  of 
low  treshwatei  inflow,  while  t he  22  May  1974  survey  represented  the  period  of 
h i gh  freshwater  inflow.  Simultaneous  observations  were  made  at  12  locations 
on  A  ranges  during  the  above  periods. 

I  i da  1  adjust  men  t 

(0.  file  object  iv  of  the  model  tidal  adjustment  was  to  obtain  an  accu¬ 
rate  rejir-'din  i  i  on  .f  jirototype  tidal  elevations  and  tidal  phases  throughout 
the  model.  Prototvjie  tidal  data  from  seven  recording  tide  gages  (Plate  1) 
were  a  v  a  i  I  a  b  I  >•  to  verily  the  ,n  uracy  of  the  mode  I  t  i  da  I  adjust  men  t  .  These 
gages  recorded  essentially  continuously  for  a  period  ol  about  two  weeks  prior 
to  eat  fi  jirototype  metering  period  to  one  week  fol  lowing. 
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ocean  had  to  he  removed  to  maintain  a  constant  volume  and  a  constant  source 
salinity.  This  was  accomplished  hy  means  of  skimming  weirs  that  removed  a 
quantity  ot  mixed  water  from  the  surface  layer  equal  to  the  freshwater  inflow 
to  the  estuary.  Precise  measurement  of  the  combined  discharge  from  the  skim¬ 
ming  weirs  was  made  hy  use  of  a  Van  Leer  weir. 

Wave  generators 

24.  The  model  ocean  was  equipped  with  two  30-ft-long  wave  generators  to 
produce  the  effects  of  ocean  waves  on  the  transportation  and  deposition  of 
sediments.  The  wave  generators  were  of  the  plunger  type  and  could  be  adjusted 
to  produce  the  desired  wave  height  and  period  so  that  the  model  waves  would 
move  the  model  bed  material  to  simuLate  movement  of  bed  material  in  the  proto¬ 
type.  A  section  of  the  wave  generator  is  shown  in  Figure  7. 


R£?  1  U 
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Figure  7.  Wave  generator 


Dye  injection  and 
measur  1  ng  equ  lpinent 

25.  Model  tests  were  made  to  determine  the  flushing  rate  and  dispersion 
characteristics  of  the  model.  A  given  weight  ot  powdered  fluorescent  dye  was 
thoroughly  mixed  with  a  known  volume  of  water  and  then  stored  in  a  glass-sided 
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Figure  6.  Miniature  Price-type  current  meter 


constructed  of  a  light  plastic  or  metal  material,  were  approximately 
0.04  ft  (4  ft  prototype)  in  diameter  and  were  mounted  on  a  horizontal  wheel 
0.11  fi  in  diameter.  The  center  of  the  cups  was  0.05  ft  (5  ft  prototype)  from 
the  bottom  of  the  frame.  The  meters  were  calibrated  frequently  to  ensure 
accurate  operation  and  were  capable  of  measuring  actual  velocities  as  low  as 
0.03  fps  (0.3  fps  prototype). 

Freshwater  ini  low  measuring  device 

22.  Only  the  Merrimack  River  was  equipped  with  a  constant  head  tank  and 
Van  Leer  weir  for  precise  measurements  ol  freshwater  inflows. 

Sk  imm  i  rig  weir 

23.  The  mixed  salt  water  and  fresh  water  that  accummulated  in  the  model 


Chemical  titration 


19.  This  method  of  determining  salinity  concentration  was  used  primarily 
to  determine  the  salinity  concentration  at  the  saltwater  source  (sump).  The 
equipment  consisted  of  a  graduated  burette  for  measuring  the  volume  of  silver 
nitrate,  pipettes  for  measuring  the  volume  of  samples  used,  sample  jars  in 
which  to  perform  the  titration,  a  supply  of  silver  nitrate,  and  a  quantity  of 
potassium  chromate  for  use  as  an  end-point  indicator  in  the  titration  process. 
The  method  consisted  of  adding  a  known  concentration  of  silver  nitrate  solution 
to  a  known  volume  of  the  model  salinity  sample;  the  amount  of  silver  nitrate 
required  to  precipitate  the  salt  contained  in  the  sample  was  then  converted  to 
salinity  in  parts  per  thousand  of  NaC  1  . 

Salinity  meters 

20.  All  salinity  concentrations  for  samples  taken  from  the  model  were 
determined  by  use  of  conductivity  cells  specially  built  and  calibrated  for 
this  purpose.  The  salinity  meter  assembly  is  shown  in  Figure  5. 


Figure  5.  Salinity  meter  assembly 


Current  velocity  meters 

21.  Current  velocity  measurements  were  obtained  with  miniature  Price- 
type  current  meters,  one  of  which  is  shown  in  Figure  (> .  The  five  meter  cups, 


collection  vials  by  negative  pressure  from  a  vacuum  pump  connected  to  a 
central  manifold,  which  in  turn  was  connected  to  tubes  running  to  each  samp 
ling  location.  This  device  enabled  simultaneous  sampling  at  all  desired 
depths  at  all  sampling  stations  throughout  the  model.  Details  of  the  multi 
depth  sampler  are  shown  in  Figure  4. 


Figure  4.  Multidepth  sampler 


1  1 


Tide  generator  and  recorder 

16.  The  reproduction  of  tidal  action  in  the  model  was  accomplished  l>y 
means  of  a  tide  generator  (Figure  1)  located  in  the  model  ocean.  The  tide 
generator  maintained  a  differential  between  a  pumped  inflow  ot  salt  water  to 
the  mode’  and  a  gravity  return  flow  to  the  supply  sump  as  required  to  reproduce 
all  characteristics  of  the  prototype  tides  at  the  control  station  (Coast  Guard 
Station,  sta  2).  The  tide  generator  was  equipped  with  a  continuous  tide  re¬ 
corder  so  that  the  accuracy  of  the  model  tide  reproduction  could  he  checked 
visually  at  any  time. 
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Figure  3.  Tide  generator 


Tide  gages 

1/.  Permanently  mounted  point  gages  were  installed  in  the  model  at  the 
locations  of  the  seven  recording  tide  stations  used  for  collection  o t  field 
t  ide  data  (Plate  I).  Portable  point  gages  were  used  to  measure  tidal  elevation 
at  other  points  as  required.  The  model  gages  were  graduated  in  0.001  ft 
(0.1  ft  prototype). 

Salinity  and  dye  samplers 

18.  Water  samples  for  salinity  and  dye  analysis  were  drawn  into 


(cross  section;  1:30,000,  and  area  (horizontal)  1:90,000.  The  salinity  and 
dye  concentrations  ratios  for  the  study  we're  1:1.  One  prototype  cycle  (semi¬ 
diurnal)  of  12  hr  and  25  min  was  reproduced  in  the  model  in  24  min  and 
50.4  sec.  Horizontal  grid  coordinates  are  based  on  the  Massachusetts  coordi¬ 
nate  system,  and  vertical  control  was  based  on  USC  and  GS  NGV1)  mean  sea  level 
(msl)  datum.  The  model  was  approximately  180  ft  long  and  100  ft  wide  at  its 
widest  point,  covered  an  area  of  about  17,000  sq  ft,  and  was  completely 
enclosed  to  protect  it  and  its  appurten.imes  from  the  weather  and  to  permit 
uninterrupted  operation. 

13.  The  model  was  initially  constructed  as  a  fixed-bed  model;  however, 
provisions  were  made  to  convert  the  entrance  area  to  a  movable-bed  model  at  a 
later  date  when  such  studies  were  deeme  .  icoessury.  Limits  of  the  movable- 
bed  section  are  shown  in  Plate  I.  The  model  was  molded  to  conform  to  the  pro¬ 
totype  hydrographic  conditions  that  existed  in  the  fall  of  1973. 

14.  The  permanent  model  roughness  employed  consisted  of  3/4-in. -wide 
metal  strips  placed  in  depths  greater  than  6  ft  below  NGVD  and  cut  off  below 
the  low-water  elevation.  The  use  of  these  metal  strips  as  roughness  was 
necessary  because  proper  adjustment  of  velocity  and  distribution  of  currents, 
both  horizontally  and  vertically,  in  any  given  cross  section  could  not  be 
obtained  by  the  use  of  ordinary  boundary  roughness  alone  in  the  deep  areas  of 
the  model.  The  areas  above  -6  ft  NGVD  (shoal  areas  and  tidal  flats)  were 
roughened  by  raking  the  model  surface  during  construction  to  provide  the  de¬ 
sired  degree  of  roughness. 

Appurtenances 

15.  The  model  was  equipped  with  the  necessary  appurtenances  to  reproduce 
and  measure  all  pertinent  phenomena  such  as  tidal  elevations,  saltwater  intru¬ 
sion,  current  velocities,  freshwater  inflow,  dispersion  characteristics,  and 
slnialing  distribution.  Apparatus  used  in  connection  with  the  reproduction  and 
measurement  of  these  phenomena  included  a  tide  generator  and  recorder,  tide 
gages,  salinity  meters ,  salinity  samplers,  chemical  titration  equipment, 
current  velocity  meters,  freshwater  measuring  weirs,  wave  generators,  dye  in¬ 
jection  and  measuring  equipment,  and  shoaling  injection  and  recovery  apparatus. 
This  equipment  is  described  in  detail  in  subsequent  paragraphs. 
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400  cc/sq  ft,  while  the  model  tide  was  held  at  el  +4.2  or  high  water  for  this 
series  of  tests.  Two  wave  generators,  each  30  ft  in  length,  were  used  in  the 
model  to  simulate  the  effects  of  wave  energy  on  the  resuspension  and  movement 
of  the  model  sediment.  The  waves  generated  did  not  represent  any  particular 
prototype  wave  condition. 

40.  Trial  tests  involved  the  selection  of  material,  the  position  and 
operation  schedule  of  the  wave  generators,  tidal  conditions,  roughness  adjust¬ 
ments,  injection  procedure,  and  test  duration.  The  procedure  that  gave  the 
most  satisfactory  results  is  described  below.  The  model  was  flooded  to 

el  +4.2  and  held  at  that  level  until  the  nylon  material  (specific  gravity 
1.14)  could  be  placed  uniformly  (400  cc/sq  ft)  over  the  test  area.  The  initial 
amount  of  material  in  each  section  was  determined  by  the  area  of  the  section. 
Each  section's  initial  volume  is  shown  in  Figure  13.  The  final  test  was  con¬ 
ducted  with  the  model  reproducing  a  tide  range  of  8.6  ft  at  the  pit  gage.  The 
elevation  of  high  water  and  low  water  during  each  test  was  +4.2  and  -4.4, 
respectively.  The  freshwater  inflow  was  5,000  cfs  and  the  entire  model  was 
fresh  water  (ocean  water  was  fresh  water).  Since  the  estuary  is  a  well-mixed 
system  (very  I i t t 1 e  difference  in  density  from  surface  to  bottom),  it  was  con¬ 
cluded  that  operac ion  without  salt  water  in  the  ocean  would  have  minimum 
effect  on  model  shoaling  test  accuracy,  and  would  further  reduce  model  test 
cost.  Following  the  placement  of  the  material,  the  model  was  started  and 
allowed  to  run  the  first  tidal  cycle  without  any  waves  being  generated.  One 
wave  generator  was  oriented  to  generate  waves  from  the  southeast  (145  deg), 
while  the  second  generator  was  placed  to  generate  waves  from  the  northeast 
l 48  deg).  Each  of  the  wave  generator's  plunger  and  plunger  speed  was  set  to 
generate  a  model  deepwater  wave  amplitude  of  0.8  in.  (9.6  ft  prototype)  having 
a  period  of  one  wave  every  1.5  sec.  At  no  time  during  the  test  did  the  two 
wave  generators  run  simultaneously. 

41.  The  wave  generator  operation  schedule  is  shown  in  the  tabulation 

be  I ow : 

I)  i  rec  L  i  on  Pe  r  i  od  of 

of  Wave  Generator  Operation 

Cycle  Tidal  Flow  Northeast  Southeast 

1  Ebb  No  waves 

1  Flood  No  waves 


(  Font  l  lined  ) 


r  1 


Cyc  l  e 


Di  red  ion 
o  f 

Tidal  [-'low 

Ebb 
F  lood 

Ebb 
F 1  ood 

Ebb 
F  Lood 

Ebb 
F 1  ood 

Ebb 
F  t  ood 


Period  of 

_ Wave  Gene r at or  Oja e ra  t  i  on 

Northeast  Southeast 

Hours  4-5 
Hours  8-9 

Hours  5- 


Hours  4-5 
Hours  8-9 


Hours 


Hours  5- 
-7 


Hours  8-9 


-iZ.  Materia  I  was  added  along  the  northern  and  southern  perimeter  of  the 
test  area  as  it  was  depleted  front  those  areas.  The  model  was  stopped  at  the 
end  of  six  romp  let e  tidal  eyries  (hour  0,  cycle  7).  Prior  to  retrieving  the 
material,  a  sketch  of  the  shoaling  and  scour  patterns  was  made  and  an  example 
is  shown  in  figure  14.  The  shaded  areas  in  this  sketch,  and  in  similar 
sketihes  of  individual  plans  shown  in  plates,  indicate  areas  that  appeared  from 
visual  observations  to  be  fteavier  than  the  original  distribution  (400  cc/ 
si|  ft).  The  cross-hatched  areas  indicate  complete  scour;  no  material  was 
present  within  the  boundaries  of  the  cross-hatched  area.  The  blank  or  white 
areas  indicate  that  no  visible  change  took  place.  Figure  13  is  an  example 
showing  shoaling  and  scour  at  individual  sections  for  the  entrance  shoaling 
and  scour  verification.  The  values  shown  in  Figure  13  were  obtained  by  averag¬ 
ing  the  results  from  two  identical  runs.  Two  runs  of  this  test  and  all  future 
plan  tests  were  made  to  ensure  an  accurate  reproduction  and  to  discover  any 
possible  error  that  might  have  occurred  during  any  particular  test.  In  the 
event  the  two  runs  did  not  (heck,  a  third  run  was  made.  After  each  test,  the 
material  in  eath  section  was  recovered  and  measured.  The  percentage  change 
from  the  original  immint  for  each  section  was  then  determined.  This  percentage 
is  shown  in  small  numbers  in  t  fie  lower  portion  of  each  section,  while  the 
oiigirial  volume  is  shown  mi  the  upper  portion  of  each  section  as  in  Figure  13. 
Sections  are  identified  by  the  large  numbers  i n  the  center  of  each  section. 

43.  from  an  examination  of  Figures  9,  10,  and  14,  and  13  and  13, 

referred  to  mi  the  above  paragraphs,  it  can  be  concluded  that  a  successful 
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shoaling  ami  scour  vcri  I  u.it  ion  was  mailt*  tor  the  prototype  conditions;  there¬ 
fore  the  verification  is  considered  sufficient  to  ensure  a  valid  indication  of 
effects  from  proposed  plans  on  shoaling  and  scour  in  the  entrance  area.  The 
filial  entrance  shoaling  and  scour  verification  described  in  this  part  of  this 
report  served  as  the  basis  for  determining  the  effects  of  proposed  plans. 

1.  i  m  i  t  a  t  i  ons  o  t  the 

accuracy  of  model  men su remen t s 

44.  Measurements  of  tidal  elevations  in  the  model  were  made  with  point 
gages  graduated  to  0.001  ft  (0.1  ft  prototype).  1.  i  in  i  t  a  t  i  uns  of  the  current 
velocity  meters  used  in  the  model  should  he  considered  in  unking  close  compari¬ 
sons  between  model  and  prototype  velocity  data.  The  center  line  of  the  meter 
cup  was  about  0 .  (PS  it  above  the  hot  tom  of  the  frame;  therefore  bottom  velocity 
measi)  reini'iit  s  i  n  the  model  were  actually  obtained  at  a  point  5.0  ft  (prototype) 
above  the  bet  tom  instead  of  about  2.0  ft  as  in  the  prototype  metering  program. 

I  he  model  veloi  ities  were  determined  by  counting  the  number  of  revolutions  in 
a  l()-sei  interval  i wh i i h  represented  a  period  of  about  5  min  in  the  prototype), 
as  (outpaced  with  ah. ait  a  I  -mi  n  observation  in  t  fie  prototype.  The  horizontal 
spread  of  the  entire  under  cup  wheel  was  about  0.11  It  in  the  model,  represent¬ 
ing  about  M  It  in  the  prototype,  as  compared  with  less  than  1.0  ft  for  the 
piototype  meter.  Mins  the  distortion  of  area  (model  to  prototype)  results  in 
(  '  mpa i  i sou  of  prototype  point  velocities  with  model  mean  velocities  for  a  much 
larger  area.  I  he  same  is  true  tor  the  vertical  area,  since  the  height  of  the 
mrtei  cup  was  about  0.04  It  (4.0  ft  prototype)  as  compared  with  only  a  few 
inches  lor  the  prototype  meter.  Middepth  measurements  in  the  model  were  made 
at  a  point  midway  between  the  bottom  and  an  average  of  low  tide  and  high  tide 
elev.it  ions. 

45.  All  model  salinity  measurements  presented  in  this  report  were  made 
with  a  calibrated  salinity  meter  (conductivity  type)  and  are  considered  to  be 
accurate  within  0.5  ppt  in  the  higher  range  and  0.2  ppt  in  the  lower  ranges. 

I'he  model  samples  were  collected  at  the  bottom,  middepth,  and  surface  eleva¬ 
tions.  Ihe  elevations  of  the  bottom  and  middepth  samplers  were  fixed  in  the 
model  and  wore  not  allowed  to  vary  with  the  tide  as  was  the  surface  sampler. 

S i mu  I t  .menus  water  samples  were  drawn  into  v i a  I s  from  the  three  elevations  by 
means  of  a  vacuum  system.  Similar  to  the  model  velocity  data,  the  model 
salinity  data  also  represent  an  average  over  a  much  larger  prototype  area, 
since  the  vacuum  sampling  system  used  in  the  model  chew  the  sample  from  a 


radius  of  about  0.05  lo  0.10  ft  (15  to  30  ft  in  the  prototype).  The  accuracy 
with  which  the  model  could  he  expected  to  duplicate  salinities  from  cycle  to 
cycle  for  identical  conditions  appears  to  he  about  +3  percent. 


PART  IV: 


BASE  AND  PLAN  TEST  PROCEDURES 


Test  Condi t ions 

4b.  In  order  to  evaluate  the  effects  of  the  proposed  imp rovemen t  plans, 
it  was  first  necessary  to  establish  hydraulic,  salinity,  surface  current 
patterns,  dye  dispersion,  and  entrance  shoaling  "base  tests"  that  depicted, 
respectively,  the  characteristics  of  these  conditions  throughout  the  model 
lor  existing  conditions.  Thus  a  test  in  which  no  improvement  plan  was  in¬ 
stalled  in  the  model  is  referred  to  as  a  base  test,  since  its  results  consti¬ 
tute  a  basis  of  comparison  for  determining  the  effects  of  improvement  plans. 

Base  conditions  consisted  of  fall  1973  prototype  hydrographic  conditions 
throughout  the  model,  with  the  exception  that  the  entrance  bar  channel  was 
dredged  to  the  authorized  depth  of  16  ft  (-12  ft  m 1 w ) .  Each  plan  subjected 
to  hvdr;  ilic,  salinity,  and  dye  dispersion  tests  included  the  proposed  new 
channel  realignment  across  the  inner  bar  as  shown  in  Plate  59.  The  proposed 
realignment  channel  was  dredged  to  el  -16  (-12  ft  mlw)  for  a  distance  of 
200  It  on  either  side  of  its  center  line  (400  ft  wide).  Therefore  all  plan 
test  data  (hydraulic,  salinity,  and  dye  dispersion)  will  reflect  the  combined 
effects  of  both  plan  (groins,  dikes,  jetties,  etc.)  and  channel  realignment. 
Entrance  shoaling  and  scour  plan  tests  were  conducted  with  the  existing  autho¬ 
rized  channel  installed  rather  than  the  proposed  realignment.  This  is  discussed 
in  more  detail  in  paragraph  60. 

47.  All  hydraulic  and  salinity  tests  were  conducted  with  model  condi¬ 
tions  of  a  spring  tide  (9.6-ft  range  at  pit  sta  1)  and  a  source  salinity  con¬ 
centration  of  29.0  ppt .  With  tide  and  salinity  conditions  as  stated  above, 
base  test  data  were  obtained  for  three  Merrimack  River  freshwater  inflow  con¬ 
ditions.  The  three  freshwater  inflow  conditions  furnished  by  NED  for  testing 
were:  2,200  cl s  (low),  3,000  cfs  (mean),  and  11,000  cfs  (high).  Dye  disper¬ 

sion  and  surface  current  pattern  base  test  data  were  obtained  for  only  the 
mean  (5,000  its)  freshwater  inflow  condition.  All  the  test  data  (base  and 
plan)  shown  in  this  report  are  for  mean  (5,000  cfs)  freshwater  inflow  condi¬ 
tions.  The  base  test  data  resulting  from  conditions  of  low  and  high  fresh¬ 
water  inflows  are  not  included  in  this  report,  but  .ire  on  file  in  the  NED 
of tiie  and  it  WES.  Prior  to  data  collection  of  any  type,  the  model  was  oper¬ 
ated  tor  a  sufficient  period  of  time  to  achieve  a  condition  of  dynamic  salinity 
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stability.  The  procedure  for  starting  operation  of  a  tidal  model  utilizing  •' 

salt  water  is  developed  during  the  verification  phase  of  the  study  and  there-  ’i 

•4 

alter  is  followed  exactly.  The  initial  salinity  concentrations  are  artifi-  f 

cial;  and  the  model  must  be  operated  for  a  period  of  time  to  allow  salinities  j 

to  reach  stable  values  with  respect  to  time,  depth,  and  location.  Jt  was  .1 

found  in  the  Newburyport  Harbor  model  that  the  best  procedure  was  to  flood  ] 

' 

the  area  upstream  from  Deer  Island  (Plate  1)  with  fresh  water  and  the  ocean 
and  downstream  area  with  ocean  (salt  water)  water  to  the  high-water  elevation.  , 

A  barrier  installed  across  the  model  at  Deer  Island  to  separate  the  fresh  and  ) 

salt  water  during  the  flooding  stage  was  removed  and  the  tide  generator  and 
proper  freshwater  inflow  were  initiated  to  begin  the  test.  The  model  was  i 

operated  until  salinity  stability  was  achieved  prior  to  initiation  of  data  ; 

collection.  For  mean  freshwater  inflow  conditions  it  was  necessary  to  operate 
the  model  for  about  six  tidal  cycles  (about  3  hr)  before  relatively  stable 

conditions  existed,  after  which  data  collection  could  be  initiated.  To  ensure 

a  higher  degree  of  salinity  stability  when  obtaining  salinity  or  dye  measure¬ 
ments,  salinity  and  dye  samples  were  not  taken  until  the  model  had  operated 
for  at  least  16  tidal  cycles  (about  7  hr). 

48.  Locations  of  stations  monitored  during  base  and  plan  test  conditions 
are  shown  in  Plate  60.  Tide  station  locations  are  identical  with  those  in  the 
verification,  except  that  three  stations  were  added  (1,  IB,  and  9)  to  more 
accurately  define  tidal  changes  resulting  from  any  plan  inves t i ga ted .  Sta  1 
and  >B  reflect  tidal  conditions  in  the  pit  and  ocean,  respectively,  while  sta  9 
is  located  in  the  vicinity  of  Deer  Island.  fit  sta  1  was  the  control  station 
throughout  all  base  and  plan  tests  and  was  held  constant  throughout  all  plan 
test i ng . 

49.  Verification  of  current  velocities  and  salinities  was  based  on  the 
results  of  data  obtained  at  12  locations  throughout  the  estuary  (Plate  1). 

I'll  is  coverage  was  not  sufficient,  particularly  in  the  entrance  area,  to  give 
a  complete  composite  picture  of  the  effects  of  any  possible  future  i  mp lavement 
plan  to  be  tested;  therefore  the  station  location  and  numbering  scheme  used 
during  the  verification  phase  of  the  model  study  was  abandoned  during  the 
testing  pfia.se  for  a  sampling  scheme  that  would  better  define  t  he  effects  of 
proposed  plans.  During  the  base  test  data  col  led  ion  phase  of  most  model 
studies,  the  policy  is  to  obtain  enough  data  to  define  almost  any  possible 
change  that  might  arise  following  the  installation  of  any  possible  type  of 
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1 1  i  1 1  - 1  d\  fluent  pi. in.  In  in. iiiv  instances,  however,  .1  particular  plan  docs  not  need 

the  lull  .  1 1  t  omp  I  c  t  e  to  ve  1  .1  ge  to  ai  1  11r.1t  id  v  define  or  ana  I yze  the  changes 
brought  a  heal  l  hy  its  1  ns  t  a  I  I  a  t  1  on  ,  as  is  the  case  in  this  model  study. 

)U.  Sta  0  +  1)0  (  Mass. 11  Onset  t  s  tlrid  -  N66  I -00  I  .  r>5  ;  K  789-001.  36),  located 
on  the  tenter  line  of  t  lie  authorized  navigation  channel  approx  iinate  1  v  3,000  ft 
east  of  the  jetties,  was  t  fie  point  of  origin  for  the  new  numbering  scheme  and 
is  designated  range  0.  Ranges  located  upstream  from  this  point  art'  designated 
hy  a  number  representing  the  distance  in  1,000  ft  from  sta  0+00.  Individual 
stations  located  on  each  range  are  designated  with  a  letter,  beginning  with 
"A"  at  the  southernmost  st.it  ion. 


Ilvd  ra  11 1  1  c  s 


I  I  des 

r>  I  .  Tidal  height  data  were  obtained  at  10  locations  throughout  the 
model.  I’he  data,  collected  at  halt-hour  intervals,  were  plotted  and  smooth 
curves  were  drawn  through  the  points.  Locations  of  tide-  stat  ions  are  shown 
in  I'  1 .1 1  e  60  . 

(in  r  ren  t  ve  I  or  it  i  cs 

>2.  Base  condition  current  ve I oc  itv  data  were  obtained  at  28  locations 
throughout  the  model  (Plate  60).  Data  were  obtained  at  the  surface  ,  middepth, 
nut  lint  tom  elevations  at  half-hour  intervals  at  all  locations  where  bottom 
elevations  exceeded  - L .  (>n ! v  surface  and  hot  tom  data  were  obtained  at  loca¬ 

tions  where  bottom  elevations  weie  between  - h  and  -12,  while  only  one  sample' 

I  hot  t  0111  1  was  obtained  at  loiat  ions  where  the  bottom  elevation  was  ~5  or  less, 
iinlv  21  of  the  above  28  locations  were  monitored  during  tests  conducted  with 
t  ho  plans  111st  il  led.  The  reduc  t  1  on  in  coverage'  was  necessary  to  conserve 


rr.il  1 

on  t  1  me  a  lid  e a 

is  t  ;  however 

,  the*  coverage  i: 

S  l  OHS  1 

dered  to  he  more 

loan 

M111 

1  ■  1  >  t  to  dot  1  lie 

a  nv  1  flanges 

effected  by  the 

inst.il 

1  a t  1  on  0 f  any  0 f 

t  he 

pi. no.  tested  The  hnlt-hniu  measurements  w" re  plotted  and  smooth  curves  were 
dr  mi  thiough  the  points.  locations  of  current  velocity  stations  for  plan 
■  o  1  id  1  t  1 1  uis  arc  shown  in  il.it  e  6  I  . 
i  I  '  >w  p  i  c'dc  'III  I  nine  e 

>  i  i  u  1  ron  t  velocity  data  for  l>ase  and  all  plan  tests  were  .111.1  I  v/rd  to 
dot  >■  1111 1  ne  flow  p  red  1  mi  i  1 1  a  m  e  .  Ih  i  met  hod  of  presenting  current  velocity  data 
1  .  dm  ••  s  magnitude,  <  I  1  rei  t  1  <>u  ,  and  du  ra  t  i  on  of  the  i  11  r  ren  1  s  to  a  single 
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expression  that  defines  the  predominant  direction  and  percentage  of  total  flow 
at  any  given  point.  This  expression  was  derived  from  a  conventional  plot  of 
velocity  versus  time  at  any  given  point.  The  area  subtended  by  both  ebb  and 
flood  portions  of  the  curve  was  measured  and  summarized.  The  area  subtended 
by  the  flood  portion  of  the  curve  was  then  divided  by  the  total  area  to  deter¬ 
mine  what  percentage  of  the  total  1 1 ow  was  in  the  flood  direction.  A  negative 
(-)  sign  and  a  positive  (  +  )  sign  were  designated  to  indicate  ebb  direction  and 
flood  direction,  respectively.  For  simplification,  only  the  percent  of  flow 
in  the  flood  direction  was  calculated,  then  a  value  of  50  percent  was  sub¬ 
tracted  from  each  calculation  to  determine'  predominant  direction  and  magnitude 
Using  this  method  ot  analysis,  a  value  of  0  percent  indicates  that  flow  in 
both  the  ebb  and  flood  directions  is  equally  balanced;  the  ebb  area  and  flood 
area  of  the  curve  are  eipia I  A  value  of  +50  percent  indicates  that  flow  at 
that  point  is  in  the  flood  direction  at  all  times  during  a  tidal  cycle,  while 
a  -50  percent  value  indicates  flow  in  the  ebb  direction  throughout  a  tidal 
cycle.  The  table  and  plates  hi  this  report  use  the  above  method  to  show  flow 
predominance . 
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t  to-  >  h.inm'l  center  line  at  Route  I  Bridge  in  Newhurvport  ,  Miss.  The  dvc,  with 
m  i  u  i  t  i  .i  1  iinHentr.it  ion  o  t  r)  00  ,  ()()()  p  p  h  .  i  mi  t  lie  <!r  n  s  i  t  v  <  1 1  fresh  w.iter  (1.0), 
s  ■  i :  injec'ed  into  the  model  .it  ,t  pint,  type  late  nt  10.0  mgd  .  I  he  injection 
.'.is  iiiiti.iteii  .it  hour  0.0,  eye  I  e  1,  ,iud  emit  i  lined  t  ll  r oughou  t  the  s.nn|i  1  i  rig 
pei  iml  (  1  (>  t  i  d.i  I  rye  I  es  I  .  The  live  mixture  w.i  s  eon  t  u  i  ned  in  a  g  1  a  ss  s  t  .1  ndp  i  pe 
■  i  f  i  •  1  was  intiodmed  ,it  .1  i  oust. mt  r.ite  t  li  run  ghou  t  the  sampling  period,  through 
.i  !  /  A  -  i  ii  .  t  ii  lie  oriented  .it  the  proper  elev.it  inn.  A  sum  1  I  l.ilior.itory  pump  , 
i  .i  !  i  lir.i  t  ed  to  ensure  a  const  ant  rate  o  I  discharge,  was  installed  in  the  line 
he  t  ween  the  i  u  1 1  ■  t  i  mi  point  and  the  standpipe.  I’  i  ;  o  i  to  initiating  dye  i  ft  - 
)  n  t  i  ■  si  ,  the  model  was  operated  tor  1 1>  tidal  ryrles  to  estahlisli  salinity 
stability  throughout  the  model.  Dye  dispersion  tests  were  conducted  with 
si'.  :  ue  1 11  •  ,  ,  0"i  I  1  !  S  ;  I  reshw.it  el'  ml  lows. 

!.  1  it  i"US  "I  the  dve  release  point  and  slat  i  mis  sampled  are  shown 
u  I  I  it-  on  liuring  tin-  dye  dispersion  tests,  water  samples  were  withdrawn 
!  i  ■  mi  ’he  mode!  |  o  r  uhse.pirn  t  analysis  lor  dye  concent  rat  ions  .  Base  condition 
imp  I  ■  were  t  iken  at  lm.it  ions  using  the  multidepth  sampler  described  in 

pa  i  igi  ipli  1/,  whereas  only  id  locations  were  monitored  lor  plan  conditions 
tl’l  it'  This  coverage  is  more  than  udeipiate  to  def  ine  changes  resulting 

lion,  plan  tests.  Only  surface  and  bottom  samples  were  obtained  at  each  loca¬ 
tion,  however,  at  a  tew  locations  where  the  hot  tom  elevation  was  -5  ft  or 
leu:-,,  only  mu’  sample  (bottom)  was  obtained.  Samples  were  obtained  as  near 
as  possible  t  >  time  ot  occurrence  of  high-water  slack  (hws)  and  low-water 
".l.o  k  ilvsi  at  each  individual  local  ion  over  a  period  o|  lb  tidal  cycles. 

S  i  in  e  !  In  time  o  t  m  c  ii  r  re  in  e  n  t  hws  and  I  ws  varied  at  individual  stations 
!  h  i  •  uighmit  the  model,  it  was  neiessarv  to  stagger  the  sampling  times  in  order 
that  ample.  !  i.  ■  ,  Stained  a:  near  as  possible  to  the  i  nrreit  slack  t  i  me  .  I  he 
i  ■  r  .  e  !  1 1 1 e  adopted  is  described  as  follows:  hws  samples  on  s t  a  tlA-bC  were  oh  - 

:  i  i  ne.|  il  luii;  ).  ;i;  ,  sl.i  BA-.'lit.  at  limir  1:00,  and  sta  2<>A-bbA  at  hour  I:  it). 

imp  i  . 1  s  .  a  i  si  i  *  A  -  i  *  A  w  e  i  i  ■  ..plained  at  hour  /:.!(),  sta  I  bA  -  2(H.  at  hour  8:00, 

1 1 1  I  ■  t  i  . 1 1  A  - 1  ;  •  \  ,t  1 1. .  1 1 1  X  .  Ii,..  ,.i  at  unis  (  I  0A  and  I  <  >  H  )  we  re  not  monitored 

'  i ;  i  is,’  '  s  i  ■  i  i  ...  I  i  ■  i  ■ ,  m  o  tin',  were  exposed  during  that  phase  of  the  tidal 

,  '  s  .  ut  rii  i  "  i ;  .  >  I  the  samples  were  measured  by  means  id  a  1  u  i  ii  e  r 

M"  !•  1  !  :  !  1  i  ■■  i  ■ '  ■  .mi  ■  t  o  ,  I  tie  I  l'i"M'si  enl  dve  used  in  the  model  tests  was  tonsil- 

.  III-.'  ,  'hi!  i  ,  i  i  I  d  mt  de,  r:  Mill  t  ini'  Model  d  i  spe  i  s  i  on  a  nd  I  lushing 

1  I  I  1  '  till  I  I'!..  I  '  lie  d  i  I  e.  t  I  V  ll'l  it'd  1  '•  the  p  I  "  l  ot  vpe  without  upp  I  I  1  .!  t  I  "11  "I 

tli"  1 1  p  i  .  •  p  I  :  i  t  i  1 1  s  i  V  i  .  i  I  •  •  . 


57.  All  measurements  were  |>lotte<l  on  sem  1  1  oga  r  i  t  hm  i  i  graph  paper  to 
make  a  detailed  analysis  possible  at  each  sampling  point.  At  stations  loeated 
near  the  release'  point  there  is  a  definite  increase  in  point  scatter.  This 
is  attributed  to  the  tact  that  considerable  ('{fluent  collects  near  the  outfall 
during  the  injection  cycle.  The  heavy,  visible  concentrations  ot  dye  clouds 
move  away  with  the  ebbing  or  flooding  tide  and  form  detached  areas  of  compara¬ 
tively  high  dye  concentrations  for  several  tidal  cycles  thereafter.  For  this 
reason,  dye  concentrations  measured  at  points  1.0  ft  apart  in  the  model 
(300  ft  prototype)  pan  and  do  differ  greatly.  This  same  phenomenon  undoubtedly 
occurs  in  nature  and  is  probably  responsible  to  a  great  degree  for  the  reported 
difficulty  in  the  analysis  of  results  of  similar  full-scale  studies  in  the 
p  rototype . 


Surface  Current  Pattern  Mosaics 


5B.  Surface  current  pattern  mosaics  made  for  base  conditions  include  a 
portion  of  the  Atlantic  Ocean,  the  entrance  area,  and  portions  of  the  estuary 
on  either  side  of  the  navigation  channel  up  to  and  including  the  Route  1 
Bridge.  Photo  coverage  for  plan  conditions  did  not  extend  as  far  upstream  as 
diil  base  condition  coverage;  however,  the  coverage  is  sufficient  to  define 
any  changes  in  surface  current  patterns  affected  by  the  plans.  These  mosaics 
were  list'd  in  evaluating  proposed  channel  realignments  and  effectiveness 
plans.  The  mosaics  a  1  so  provide  a  means  for  current  velocity  measurements  in 
areas  too  shallow  for  measurements  with  the  velocity  meter.  Surface  current 
pattern  photographs  were  made  for  mean  (r),(>00  cfs )  freshwater  inflow  condi  - 
t  i  oris  on  I  v  . 


50.  I'he  mosaics  were  prepared  from  time-exposure  photographs  of  con¬ 
fetti  t loafing  on  the  water  sur'ace.  A  bright  light  was  flashed  immediately 
before  the  camera  lens  was  closed,  resulting  in  a  bright  spot  at  approximately 
the  end  of  mu'll  confetti  streak  that  indicates  the  direction  of  flow.  Current 
veloc  it  ies  can  he  determined  from  the  photographs  by  measuring  the  lengths  of 
the  confetti  streaks  and  comparing  the  lengths  with  the  velocity  scale'  pre¬ 
sented  in  c  ic  h  mosaic  .  Photographs  were'  taken  at  hourly  (prototype)  intervals 
throughout  a  complete  tidal  eye  1  e  .  Surface  current  pattern  mosaics  tor  base 


test  conditions  ii 


1 1  ed  I  II  Phot  is  1 


c ■  i  c  h  of  which  was  1  in  a  t  c<l  in  the  rut  ram  a1  ikmi  t  h  * ■  p  I  m  I  .■  ,u  -  ■„  i  .  ;  m  t  ■  I  s  it 
these  t  lirrr  stations  we  re  0.5,  0  .  r>  ,  ami  0.0  It  li  i  gh>  •  •  i  Ian  li.is.  t  . .  1 1  d  i  t  ;  ■  n  ■ .  , 
while  h  i  gh  -  w  a  t  e  i  levels  at  these  same  stations  r «  ina  1  In  '<1  i-sm-iiI  mi  r.  u :  i  v  li  a  1 1  g •  ■  • ! 
Ihis  trend  was  observed  at  all  locations  except  sta  hut  not  t.  •.  t  In  ext  ent 
observed  at  stations  1  oi  a  t  ed  near  the  plan.  I  lie  decrease  mi  tile  i  an^r  was 
primarily  due  to  the  increase  in  the  low-walei  levels  ,  rented  hv  I'lan  2c. 
Currents 

Mr.  Current  velocity  measurements  obtained  at  21  lm  at  mns  throughout 
the  estuary  with  I'lan  lit.  installed  are  presented  in  I’  I  a  t  e  s  f»9  -  Kb  .  Table  I 
shows  I  low  p  red  oin  i  1 1  a  ii  re  i  a  I  e  u  1  a  t  ions.  Surface  i  orient  patterns  are  shown  ill 
I’ho  t  • '  s  >K -  A2  .  I  h  i  s  plan  r  e  s  u  I  t  erl  i  1 1  rather  s  l  g  n  i  t  i  c  a  n  t  and  1  a  rg  e  changes  in 
hue  i  anil  I  ion  i  ui  rents  at  seven  stations  ISA,  ail,  (.A,  oh,  oil  ,  /A,  and  SC), 

ill  •  ’  which  Were  I  oca  t  ed  ill  the  i  mined  I  a  t  e  v  I  i  i  n  I  t  \  .  •  I  l  lie  plan.  Ilowpre- 

d1  mi  i  ii. i  in  e  at  sta  a  A  was,  changed  t  Com  a  strong  ebb  predominance  during  base 

>  o  in  I  i  t  i  on  s  to  almost  total  Mood  p  redout  i  na  lie  e  with  I’lan  2C  i  ns  t  a  I  l  ed  .  Sta  nC 
was  Mi  i  ii  ged  from  an  almost  ha  1  a  m  ed  Mow  to  an  almost  total  flood  p  redom  i  - 
nance  v ond i t  i on .  Kxtremely  high  ebb  currents  in  excess  id  K . 0  I ps  were  ob¬ 
served  at  sta  ts\  and  edi ,  located  just  downstream  I  rum  the  plan.  Maximum  ebb 
•urrent;  (bottom  depth)  at  these  two  locations  were  im  rra.seil  from  d.9  to 

S  .  1  I  |>s  and  from  4 .  t>  to  K.  '  f  ps  ,  respectively.  dust  upstream  from  the  plan, 
i  i  /.A  and  Sc  showed  rather  largo  increases  in  flood  currents  with  no  apparent 
i  h.  i  n  ge  mi  ebb  cm-  rents.  Ihis  effect  resulted  in  a  drastic  c  flange  in  flow  p  re  - 

d 1  im  i  ri  a  n  t  e  as  shown  by  the  profiles  in  Figure  21.  Flow  predominance  (ebb  direc- 

t  Mui  at  sta  ldH  was  decreased  to  the  point  of  almost  balanced  Mow.  Change's 
a  t  ot  he i  I oc  it  ions  were  ohseived,  but  none  appeared  t o  be  significant. 

Sal  Milt  les 

c  .  Salinity  data  obtained  at  29  locations  with  1’  I  a  ri  2C  i  ns  t  a  1  I  ed  are 

1 1  own  mi  I'lat  **s  ••(»-  |  |  K  .  Average  salinitv  concent  rat  i  ons  are  shown  in  Table  2. 

Ac  •  i age  ■  ■  a  I  mm  t  y  c  om  ent i at  i on  prof  i I es  tor  stations  located  on  the  channel 
•  out  e i  Ine'  aie  shown  in  figure  22 .  Plan  2C  had  very  little  ellcct  on 
a  I  iiiit  i  oxi  e  p  i  at  o  it  i  ons  in  the  i  mined  late  vicinity  of  the  plan.  Like 

i 1  I  in  I'  ,  ma  •.  i  mum  el  Im  t  s  were  reel  .luring  tlu  period  of  minimum  salinity 

1 1  •  >  i :  *  i  it  i  ■  ■  r  i  i  I-.).  'I  i  x  i  muni  salinity  c  om  ent  rat  i  ons  (  hws  )  were  not  affected 

'  i '  c.  i  i  m  I  m  a  n  t  I  o  1. 1  ■  o  Ihi  g  i  o  a  t  e  s  t  effects  occurred  at  sta  b  15 ,  f>C  ,  and 

••  \  'I  it  m  ai  him  a  I  i  n  i  t  v  •  "in  ent  i  at  i  oii.s  .it  sta  b!5  were  lower  than  base  concent  i  a- 

>  i  0,1  '  o  ,  .  4  ,  ind  '  .  A  pp  t  at  mii  I  ii  e,  III  I  ddep  t  h  ,  a  lid  bnl  trill  r  I  rvat  i  mis  , 
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a  I  so  shown  in  Table  4.  Shaded  sections  ,ire  areas  where  the  volume  recovered 
was  greater  than  that  recovered  following  base  test;  and  crossha tehed  sections 
are  .1  reus  where  the  volume  recovered  was  less  than  base  conditions. 

72.  Shoaling  index  calculations  were  made  for  the  navigation  channel 
only  and  are  shown  in  Table  4  and  in  Plate  152.  Data  in  Table  4  show  that  t he 
shoaling  tidex  tor  the  navigation  channel  was  98.5,  or  a  reduction  in  overall 
shoaling  of  1.5  percent,  well  within  the  limits  of  accuracy  of  repeating 
identical  tests.  However,  the  patterns  were  changed  significantly  (Plate  152). 
The  large  peak  shoal  located  in  section  t>  (12.1  percent)  following  base  tests 
was  relocated  seaward  to  section  2  as  a  result  of  Plan  IK  and  was  reduced  to 
.1  value  ot  9.5  percent.  Sections  8  and  9  scoured  completely,  in  comparison  to 
shoaling  of  4.5  percent  and  2.9  percent,  respectively,  I  rum  base  conditiens. 
During  base  tests,  two  peak  shoals  developed  on  the’  inner  bar  in  sections  1.' 
(5.5  percent  )  and  18  ( f> .  7  percent  ).  These  shoals  were  much  heavier  as  a 
result  ot  Plan  111,  and  were  relocated  upstream  to  sections  15  (10.0  percent) 
and  19  (9.9  percent),  respectively. 

7,1.  Change’s  at  the  above  two  areas  in  the'  navigation  channel  were  the 
most  significant.  However,  considerable  scouring  occurred  in  sections  located 
between  the  jetties,  both  in  the'  navigation  channel  and  adjacent  sections. 
Scouring  in  adjacent  sections  was  primarily  north  of  the  channel.  A  rather 
heavy  shoal  or  bar  also  developed  immediately  south  of  the  channel  in  sec¬ 
tions  Mi-114,  .114-, IIP,  and  Klb.  Sections  located  along  the  north  beach  ot 
Plum  Island  (sections  C.lb-CIK  and  120)  were  slightly  higher  than  these1 
observed  I  rum  base  test  results,  indicating  th.it  this  area  would  have  a  ten¬ 
dency  to  shoal  as  a  result  of  Plan  111.  Very  little1  change  was  observed  on  the 
beaches  and  oil. shore  sections  north  and  south  of  the  respective  jetties.  The 
heavy  bar  formed  just  offshore  on  the  beach  north  ot  the  north  jetty  was 
slightly  less  than  lliat  observed  lor  base  conditions.  Also,  no  significant 
change  was  observed  iipstieam  ot  Plum  Island  Point. 

Plan  1C 
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Maximum  and  average  dye  concentrations  are  shown  in  Table  3.  The  hws  and  lws 
average  dye  concentration  profiles  for  channel  center-line  stations  are  shown 
in  Figures  18  and  19,  respectively.  Data  shown  in  Table  3  and  Figures  18 
and  19  reflect  the  average  concentrations  of  all  dye  samples  obtained  through¬ 
out  the  16  cycle  test  period  at  that  particular  point. 

70.  Both  the  hws  and  lws  average  dye  concentration  profiles  show  a 
small  increase.  The  extreme  high  concentration  observed  at  the  bottom  depth 
at  sta  38A  during  the  lws  sampling  period  reflects  the  effects  of  the  deep 
hole  where  the  station  is  located.  Other  than  this  location,  there  appeared 
to  be  no  areas  in  the  estuary  where  an  unusual  buildup  of  dye  occurred.  The 
maximum  concentration  was  observed  at  this  station  during  cycle  2,  hws  sampling 
period  (Plate  146),  after  which  time  the  dye  concentration  began  to  decrease 
slightly  as  the  test  progressed.  The  hws  dye  concentrations  at  almost  all 
locations  increased  throughout  the  test  period  for  both  base  and  plan  condi¬ 
tions;  however,  very  little  difference  was  noted  between  base  and  Plan  3B 
conditions.  The  lws  dye  concentrations  at  the  majority  of  stations  peaked 
about  cycles  2  to  4,  and  thereafter  remained  fairly  stable  throughout  the 
remainder  of  the  test  for  both  base  and  plan  conditions. 

Entrance  fixed-bed 
shoaling  and  scour 

71.  Plate  149  shows  the  results  on  shoaling  and  scour  by  individual 
sections  with  the  model  operating  for  base  conditions.  The  volume  of  material 
recovered  in  cc  's  following  the  completion  of  base  tests  is  shown  in  small 
numbers  in  the  lower  portion  of  each  section,  together  with  initial  volumes 
(re's)  in  upper  portion  of  each  section.  Plate  150  is  a  sketch  showing  the 
shoaling  and  scour  patterns  that  developed  as  a  result  of  Plan  3B.  Plate  150, 
when  compared  with  Figure  14  (similar  sketch  of  final  verification  and/or 
base  testj,  shows  the  effects  of  Plan  3B  oil  the  shoaling  and  scour  patterns. 

The  data  in  Plate  151  show  the  effects  of  Plan  3B  at  individual  test  sections. 
The  values  shown  in  the  lower  portion  of  each  section  represent  the  el fects 

of  the  plan  at  that  particular  section  and  are  shown  as  a  percent  of  the 
volume  remaining  after  base  test.  Values  of  95  to  105  represent  areas  of  no 
change  from  base  conditions.  Those  areas  within  +5  percent  were  considered 
not  changed  or  within  the  limits  of  accuracy  of  repeating  identical  test  of 
this  type.  Values  greater  than  105  percent  indicate  areas  of  shoaling,  while 
values  less  than  95  percent  indicate  areas  of  scour.  These  same  data  are 
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Plan  i H  changed  the  predominant  f  low  direction  at  several  points 
( Finnic  16).  Sta  UA  surface  and  OA  middepth  were  changed  from  a  predominant 
flood  direction  to  a  predominant  ehh  direction.  Sta  3A  surface  depth  was 
cfianged  from  about  8  percent  efifi  predominance  to  a  balanced  flow  condition. 

Flow  predominant e  directions  at  sta  4A  were  changed  at  all  three  depths,  with 
the  bottom  depth  reflecting  t  fie  greatest  change.  Flow  predominance  at  this 
point  went  from  a  9.3  percent  ebb  direction  to  a  r> .  3  percent  flood  direction. 
Kach  of  the  above  stations  is  located  in  the  immediate  vicinity  of  the  plan. 
Predominant  flow  directions  were  also  changed  at  sta  3B  bottom  depth,  5B  bottom 
depth,  and  r>C  midilepth  and  bottom  depth.  Although  changes  were  present 
throughout  the  estuary,  none  were  as  severe  as  those  in  the  immediate  vicinity 
of  the  plan.  Ihe  general  trend  upstream  from  range  7  was  toward  a  stronger 
ebb  I  low  . 

Sa  I  ini  t  it's 

67.  The  effects  of  Plan  IB  on  hourly  salinity  concentrations  over  a 
complete  tidal  cycle  at  29  locations  throughout  the  estuary  are  shown  iri 
Plates  90-118.  Average  salinity  concentrations  are  shown  in  Table  2.  Average 
salinity  concentrations  (averaged  over  a  complete  tidal  cycle)  were  slightly 
higher  than  base  conditions,  particularly  at  the  bottom  depth.  Increases 
ranged  from  about  0.3  to  0  .  S  ppt  as  shown  in  Figure  17.  The  weighted  averages 
for  plan  salinity  concentrations  were  higher  than  base  concentrations  primarily 
because  of  the  effects  of  Plan  IB  on  salinity  concentrations  during  the  lws 
period  (minimum  salinity  period).  Minimum  (lws)  salinity  concentrations  during 
this  period  of  the  tidal  cycle  were  generally  1  to  3  ppt  higher  than  those 
observed  during  the  same  period  with  base  conditions  installed  in  the  model, 
while  maximum  (hws)  salinity  concentrations  remained  relatively  unchanged. 

68 .  The  notably  high  salinity  concentrations  at  the  bottom  depth  at 
sta  i8 A  tor  both  base  and  plan  conditions  were  clue  to  the  location  ot  this 
station.  Sta  18 A  was  located  i u  a  deep  hole  in  a  bend  of  the  river  and  would 
never  completely  flush  clear  <  >  f  salt  water  during  the  ehh  tide  as  d i  cl  other 
st  it  ions  located  1 1  p  s  t  ream  and  down  s  t  ream  f  rum  this  point.  Salinity  concen - 

!  r.it  iciiis  at  this  location  remained  exc  <  -p  t  i  on  a  I  I  v  high  tor  all  the  plans 
i  rives  t  i  ga  t  ed  . 

Dye  d i spe  rs i on 

09 .  Plan  IB  dye  dispersion  data  .ore  obtained  at  50  locations  throughout 
the  estu.ir'V  over  a  period  of  1 6  t  i  d  a  I  cycles  and  are  shown  in  Plates  1  1  9  -  1  a  8  . 


PART  V:  TESTS  RESULTS 


Plan  SB 


T  i  <1<|  1  lie  i  gh  t  s 

64.  The  el' frets  of  Plan  SB  (Plate  59 )  on  hourly  tidal  heights  at  10  lo- 
ealions  throughout  the  estuary  are  shown  in  Plates  65-68.  Plan  SB  had  very 
small  effects  on  time  of  orcurrence  of  either  hws  or  Iws.  Figure  15  shows  the 
ef’feets  of  Plan  SB  on  high-water  level,  mean-tide  level,  low-water  level,  and 
tide  range.  Plan  IB  caused  a  small  rise  m  low-water  levels  throughout  the 
estuurv  and  an  even  smaller  lowering  of  high-water  levels,  thus  result  ing  in  a 
decreased  tide  range*.  The  maximum  change  in  tidal  range  and  t i de  levels 
ociurred  at  Butler's  Toothpick  (sta  5),  where  the  tide  range  was  reduced 

from  ') .  i  to  8.4  It,  and  low-water  level  was  0.4  ft  higher  than  hast*  conditions 
HI  feds  at  other  station  locations  were  either  less  than  those  at  sta  5  or 
within  the  limits  of  accuracy  of  repeating  identical  model  runs, 
tin  i  rent  s 

65.  Plan  IB  effects  on  hourly  current  velocities  at  21  locations 

throughout  the  estuary  are  shown  in  Plates  6 9-89.  Table  1  shows  tin*  effects 
of  the  plan  on  Mow  predominance.  Surface  current  patterns  arc  shown  in 
Photos  (5-!?.  Significant  changes  occurred  at  locations  in  the  immediate 
vicinity  of  the  plan.  Maximum  ehb  velocity  increases  were  observed  at  sta  2 A 
and  LA  and  were  as  follows:  2A  surface,  5.1  I ps ;  2A  middepth,  2.7  I ps  ; 

2A  bottom,  5.  I  I ps ;  5A  surface,  2.4  I ps ;  5A  middepth,  2.0  tps;  and  5A  hot  tom, 

2.8  tps.  Plan  ill  maximum  ebb  velocities  at  each  of  these  two  locations  were 
in  excess  of  f> .  0  1  ps  ,  and  reached  a  maximum  o|  7.0  tps  on  the  surface  at 
sta  2  A  .  The  greatest  increases  in  maximum  flood  rut  relit  s  m  i  in  red  at  tin 

surface  a  nd  middepth  elevations  at  sta  iA  and  4  A  .  Maximum  I  1  •  •  * .  d  c  mi  tent  •,  it 
sta  LA  surface  weir  increased  I  nun  4.0  t  ■  •  7.5  I  p s  ,  middepth  I  i  « 

7.2  I  ps  ,  and  bottom  from  5.7  to  f>  .  6  tps  Maximum  llood  .  1 1 1  i  *  n  l  ■  it  '  1  >  \ 

were  i  ii c  r ea s ed  a s  follows:  mu  I  ,u  e  I  r "in  ■<  .  t  •  •  t  p *  .  m  i  M •  |  I  1 .  1  . 

7.5  I  ps  ,  and  bo  t  t  oin  from  5.0  to  5.8  tps.  S  i  gn  i  I  i  i  ■  i  u  t  •  h  1 1 1 ■  ■  .  •  ■  1  i  ‘  1 

stations  in  the  I  muled  i  a  t  Maine  a  i  ea  ,  h"V"a'i  ,  t  h*  ■  v  w  •  t  ■  1  i 

change:,  at  sta  5.4  and  4  A  .  Stations  1  ■"  1 1  ed  up  !  i  .  ■  m  t  :  ■  an  ■  e  .  • 

iel.it  ivelv  in  i  no  i  i  ha  nge  s  .  p  i  I  ilia  i  M  V  ill  p  I  <  d  oiu  i  n  i  n  ■  >  I  t  1 

■■  hinges  were  noted  ill  the  m.i.’C  liniilii  c  ill  i  *  nt 


.u  h  ut  the  pl.iiis  w.is  mol  tlt'il  in  the  model  ,is  .in  i  itt|>e  t  v  t  ous  strut  lure  inti  hud 
town  e  1  ev.t  t  t  <uts  thove  the  hl>*h-w.it  er  level. 


Knt ranee  Fixed-Bed  Shoaling  and  Scour  Tests 

BO.  The  procedure  used  during  the  entrance  fixed-bed  shoaling  and  scour 
plan  tests  was  identical  with  the  procedure  described  for  the  final  verifica¬ 
tion  (paragraphs  58-43),  the  only  difference  being  the  plan  t ha L  was  being 
investigated  at  that  time.  Prior  to  completing  the  entrance  fixed-bed  shoal¬ 
ing  and  scour  veri I ical ion,  NKD  office  decided  to  conduct  all  shoaling  and 
scour  plan  tests  with  the  existing  authorized  channel  installed  in  the  model 
instead  of  t  lie  proposed  new  alignment  used  during  the  hydraulic,  salinity, 
and  dye  dispersion  plan  tests.  Therefore  all  the  entrance  shoaling  and  scour 
plan  tests  were  conducted  with  the  authorized  channel  installed.  The  shoal 
extending  into  the  authorized  channel  over  the  inner  bar  was  removed  to 
project  depth  of  1  6  ft  (-12  in  I  w  )  . 

hi.  A  minimum  of  two  identical  runs  were  made  with  each  plan  installed 
in  the  model.  Following  the  tests,  the  results  were  averaged  and  compared 
w  i  t  fi  the  base  tests  results  (final  verification)  to  determine  effects  resulting 
from  the  construction  ol  the  plan.  Sketches  of  the  resulting  shoal  and  scour 
patterns  were  made  following  each  Lest.  Time- lapse  movies  were  made  for  base 
and  the  six  major  plan  conditions.  Copies  ol  these  films  are  on  file  at  the 
NKI)  and  WHS. 

Klements  of  Plans 

62 .  Kleven  plans  were  investigated  in  the  model,  six  of  which  were 
tested  extensively.  Plans  B,  C,  F. ,  B-B,  and  K-H  (Plate  64)  were  observed 
visual ly  in  the  model  and  later  photographed  to  record  surface  current 
patterns.  No  further  tests  were  conducted  with  these  particular  plans. 
Following  the  visual  observations  and  analysis  of  surface  current  pattern 
photographs  of  the  above  plans,  the  plans  were  either  eliminated,  changed,  or 
combined.  Photos  8-52  show  surface  current  patterns  lor  the  above  plans.  No 
further  analysis  ol  the  above  plans  was  undertaken  by  this  off  lie  and  is  not 
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respectively,  while  minimum  salinity  concentrations  at  sta  6C  surface,  mid¬ 
depth,  and  bottom  elevations  were  6.2,  4.0,  and  3.8  ppt  respectively,  higher 
than  those  observed  during  base  conditions.  Minimum  surface  and  middepth  con¬ 
centrations  at  sta  8A  were  5.0  and  11.8  ppt,  respectively,  higher  than  those 
observed  during  base  tests.  Thus  a  substantial  increase  in  mixing  occurred 
at  sta  8A  during  the  Lime  of  minimum  salinities.  Although  these  very  large 
changes  occurred  at  stations  in  the  vicinity  of  the  plan,  there  were  generally 
very  little  effects  throughout  the  remainder  of  the  estuary,  and  especially 
<i  t  stat.ons  located  on  the  channel  center  line,  as  shown  by  the  average 
salinity  profiles  in  Figure  22.  The  overall  trend  was  toward  an  increase  in 
average  salinity  concentrations. 

Dye  dispersion 

77.  The  effects  of  Plan  2 C  on  dye  dispersion  are  shown  in  Plates  15.3- 
182.  Maximum  and  average  dye  concentrations  are  shown  in  Table  3.  Figures  23 
and  24  show  average  dye  concentration  profiles  along  the  channel  center  line 
for  hws  and  lws,  respectively.  As  shown  in  these  figures,  average  dye  concen¬ 
trations  along  the  channel  center  line  were  slightly  higher  than  those  observed 
tor  base  conditions  during  both  hws  and  lws  sampling  periods.  This  trend  was 
typical  for  the  majority  of  stations  throughout  the  estuary.  There  were  no 
noticeable  changes  in  the  arrival  time  of  peak  concentrations  nor  were  there 
any  unusual  areas  of  buildup. 

Hnt ranee  fixed-bed 
shoa 1 i ng  and  scon r 

78.  Plate  183  shows  a  sketch  of  shoaling  and  scour  patterns  that 
resulted  from  tests  conducted  with  Plan  2C  installed  in  the  model .  The  base 
test  shoaling  and  scour  patterns  are  shown  in  Figure  14.  Plate  184  shows  the 
effects  of  Plan  2(1  in  percent  of  base  tests  results  for  individual  test  sec¬ 
tions.  Table  4  contains  the  above  data  in  tabular  form  together  with  shoaling 
indices  for  the  navigation  channel.  Shoaling  index  values  for  the  navigation 
ihannel  are  also  presented  in  Plato  152.  The  shoaling  index  data  in  Table  4 
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The  peak 


sections  between  12  ami  26  were  lower  than  base  test  conditions, 
shoals  occurring  during  base  test  conditions  at  sections  Id  (5.5  percent)  and 
18  (6.7  percent)  were  relocated  to  become  a  single  peak  shoal  ill  section  16 
and  were  reduced  to  4.1  percent  of  base. 

7()  .  Plan  21.  had  very  little  effect  on  shoaling  and  scour  rates  or 
patterns  either  north  ol  the  north  jetty  or  south  of  the  south  jetty.  With 
respect  to  the  base  condition,  sections  located  .along  the  north  beat'll  of  Plum 
Island  shoaled  with  Plan  2C  installed,  with  the  exception  of  sections  (515  and 
Pi  I  h  (Plate  184).  Sections  i  innied  i  a  t  e  1  y  south  of  the  navigation  channel  in  the 
vicinity  of  the  inner  bar  (sections  Kl8  to  K2.1)  were  either  unchanged  or 
scoured  as  a  result  of  Plan  2C . 


Plan  J) 

T i da  1  heights 

80.  The  effects  of  Plan  I)  on  hourly  tidal  heights  are  shown  in 
Plates  64-68.  Figure  25  shows  high-water  levels,  mean- tide  levels,  low-water 
levels,  and  range  of  tide  profiles  constructed  from  Plan  I)  data.  Water  levels 
in  the  entrance  area  and  upstream  to  Route  1  Bridge  (sLa  6)  were  slightly 
higher  than  water  levels  observed  for  base  conditions.  Low-water  levels  up¬ 
stream  Item  Route  I  Bridge  were  lower  than  base  while  liigh-watei  levels  re¬ 
mained  unchanged  or  slightly  higher.  The  changes  in  high-  and  Low-water  levels 
resulted  in  a  small  increase  in  tide  range  throughout  the  estuary. 
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location  continued  to  he  predominant  in  the  ebh  direction  but  was  considerably 
less  than  that  observed  for  base  conditions. 

82.  Both  ebb  and  flood  maximum  currents  were  generally  increased  a 
small  amount  1 n  the  entrance  area.  The  greatest  increases  were  at  sta  3A ,  SB , 
and  6A ,  and  were  generally  about  0.8  to  i.8  fps  higher  than  those  observed  dur¬ 
ing  base  tests.  Increases  at  other  locations  in  the  entrance  area  were  gen¬ 
erally  less  than  0.5  fps. 

Sal i n i t ies 

83.  The  effects  of  Plan  D  on  hourly  salinities  over  a  tidal  cycle  at 

29  locations  throughout  the  estuary  are  shown  in  Plates  90-118.  Table  2  shows 
the  effects  of  the  plan  on  average  salinities.  These  average  salinity  values 
were  used  to  plot  average  salinity  profiles  for  stations  located  on  the  channel 
(.enter  line.  The  profiles  shown  in  Figure  27  are  representative  of  effects 
throughout  the  estuary,  as  Plan  1)  average  salinity  concentrations  were  lower 
than  base  throughout  the  estuary.  Generally,  the  decrease  in  average  salinity 
concentrations  was  fairly  consistent  from  surface  to  bottom,  with  no  particu¬ 
lar  depth  having  any  significant  difference  from  the  other. 

84.  The  decreases  in  average  salinity  concent  rat  ions  were  influenced 
primarily  by  l  lie  decrease  in  minimum  salinity  concentrations  (low  water)  since 
maximum  salinity  concentrations  were  changed  very  little.  Minimum  salinity 
concentrations  in  tin*  entrance  area  (sta  0A-8D)  average  about  2.0  ppt  lower 
than  base  averages.  The  greatest  decrease  occurred  at  sta  5B,  where  Plan  I) 
minimum  salinity  concentrations  were  7.3,  7.6,  and  6 . 6  ppt  (surface,  middepth, 
and  bottom,  respectively)  lower  than  tfiose  observed  for  base  conditions.  Mini¬ 
mum  salinity  coin  cut i a t  i  mis  upstream  from  range  8  (sta  I0A-56A)  averaged  about 
0.7  ppt  lower  thin  ba  se  conditions. 

Dye  d  i  spe  I  s  1  I'll 

K r-  .  I  he  e  f  I  at  l  ■  ,  i  j  Plan  I )  on  dve  dispel  sum  are  shown  in  Plates  185-214. 
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(  ii.il  iyi  1c  .it  21  locations  ,  i  iv  shown  in  I’l, lies  221-241.  P  I  "W  |i  i  rdom  i  nan  i  e 
i  .ili  ul.it  i  mis  ,i  rr  shown  in  T.i  h  I  r  1  .ni'l  in  Figure  .5  1  .  figure  >1  shows  ;i  prof  i  1  r 
1 1  I  1 1 1  .if  ll  i  iw  p  rt'ihmi  l  ;  i.mi  i'  v.i  1  lies  for  s  t  .1 1  i  oils  I  <m  ,i  1 1'<!  <<n  the  i  ha  nut'  i  i  cilti'l' 
i  ino.  Surlaer  mi  r  re'ii  t  ji.it  tiriis  .ire  shown  in  Photos  -48-S2.  M.ix  i  mum  chh  and 

t  I . I  writ'  i  m  re. i  sod  slight  Iv  in  t  hr  entrance  .iiim  .  i  i  i  <  1  were  generally  un- 

t,  hiiim'.!  in  other  .ire. is.  I  nr  rt'.isrs  in  mux  i  mum  Mi. oil  currents  were  slightly 
v,  r  i  si  t  i '  i  thin  i  mri'iisi's  in  in.  i  :<  i  in  uni  i‘  h  h  (  u  r  rrn  t  s  in  the  <  n  t  t  a  n  re  .i  rc.i  ,  .1  ml  would 

hi. .nut  to  the  sni.i  I  I  .lei  rr. .  in  rhh  |>  reiloin  i  ii.i  in.  r  in  this  urea.  Tilt*  predomi- 

n  .1  n  t  'll  ri'i't  lull  o  f  flow  a  I  on  j;  the  channel  renter  line  us  changed  .it  on  J  y  two 
|. oiiits,  st.i  3A  in  i  i  h  le|>  t  h  .i  m  I  >  H  hot  tom.  M  i  i  h  leji  t  h  .it.  stu  3A  changed  from  .'in  ehh 
(i  r  >  •'  loin  i  n.im  e  v.>  1  ue  "I  4  .  ..'  |>e  r  r  cn  t  to  .i  I  I  ooil  |>  if  loin  i  ii.i  nre  v;i  I  ne  o  I  2.3  percent. 
St. i  1 13 ,  hot  tom  depth,  changed  from  a  (loud  p  re'lom  i  n.i  m  e  v.i  I  ne  o(  2.7  percent 
I.,  hi  ehh  p  reilom  i  n.inre  value  ut  2  .  <>  [leneiil.  Other  than  these  two  points, 

I  predominance  was  not  significantly  atlerteil.  tilth  the  exception  ol  only 

a  I  i'w  points,  Plan  ill  current  velocity  measurements  were  extremely  close  to 
'he  limits  ol  ,n  curacy  l n  repeating  identical  model  tests. 

Sal i n l t  i es 

.  liu'  effects  o|  plan  3K  on  hourly  salinities  ver  a  tidal  cycle  at 
.  'i  |.,i  at  ions  t  Ins  ngliont  the  estuary  are  shown  in  (Mates  242-270.  Average 
i  i  i  n  i  t  v  i  on  i  i  ni  t  i  a  t  i  mis  are  shown  in  la  !i  I  e  2  .  (•  i  gure  .32  shows  profiles  of 

i  .  r  i  a  r,  e  a  I  i  1 1  i  t  v  (onient  cations  at  stations  I  m  at  ml  on  the  navigation  channel 

.enter  I  ini'.  I  he;."  lit  i  show  tliat  Plan  3K  resulted  in  small  increases  in 
in  i  1 1  i  mum  (  I  w ;  1  :  a  !  ;  n  i  t  \  .  •  ■  1 1 1  <  ■  1 1 1  i  .  1 1  i  o  n :  ,  lint  <  I  i <  I  not  a  I  f  e  c  t  ilia  x  i  mum  l  hws  )  salin¬ 
ity  i  ..m  nil  i  i1  if!  t.i-  inv  .  i  .a  i  f  i  .  tat  degree.  However,  maximum  salinity  con- 

,  ,  ■  1 1 1  ,  a  I  •  •  i .  il  1  I"  a  ••••:■  '  .  .’HA  t  ■  >dA  i  I  so  showed  a  small  inere.iso  as  a 

....ii  |  i  .  j  i  :  .,  ■  •  :  ■ .  i  ■  i :  •  s  M.it  Plan  I .  ...  •  ii  1  d  result  in  i  lie  reused 

.  I  1  ; .  :  '  .  i  ' 

•  i  , i  iai  t  h  i' .  u  g  1 1  ■  ■  1 1 1  tin*  e  s  t  u  a  t  V  are 
...  !'.  .  ..|,i  nil  i  at  lolls  ale  shown  I  I : 

1 1  ■  • !  I  i  i  1 1 . 1 1 1 1 1 1  ■  I  i  ''lit  i  i  - 

'  :  sr  !  i  'in  the  i  .■  i  .'a:-, 

i  .  i  i  v. ' ll  ■  la 


The  h.ise  onnl  i  t  ion  peak  shoal  located  in  section  18  was  not  affected  as  mu.!., 
however,  there  was  a  small  increase  and  a  shift  upstream. 

104.  Comparison  of  shoal  and  scour  pattern  sketches  shown  in  Figure  14 

* 

(Fuse)  and  in  Plate  i!$4  (Plan  BK  )  shows  that  considerable  scouring  occurred 
Between  the  outer  1 ,000  It  ot  the  jetl i es .  This  sketch  (Plate  1T4 )  also  shows 
that  the  plan  had  very  little  el  led  in  the  areas  north  and  south  of  the  re¬ 
spective  jellies.  However ,  deposition  in  the  outer  Bar,  as  i nd i ca  t  e<l  By  navi¬ 
gation  channel  shoaling  indices,  shifted  oceanward.  This  sketch  also  indi¬ 
cates  that  very  little  change  occurred  upstream  from  about  channel  section  20. 

IDS.  Plate  1  ir>  shows  t  lie  results  o|  Plan  BK  in  percent  ot  Base  volumes 
tor  each  individual  section.  These  data  show  that  in  i  ii  i  iiiiiin  scouring  would  occur 
on  the  north  shorel  i  lie  of  Plum  Island. 

Plan  BX 

I'  i  da  1  lie  i  gli  t  s 

l()ti.  I  lie  effects  ot  Plan  MX  on  tidal  heights  over  a  tidal  cycle  are 
shown  in  Plates  217-220.  Idle  el  feds  of  the  plan  were  to  slightly  decrease 
high-water  levels  a  ml  to  i n <  lease  I ow- wa  t  e  r  levels.  Figure  40  shows  tidal 

height  profiles  for  high-,  iiiea  n  - 1  i  de ,  and  low-water  levels  and  tide  range  tor 

c  •  1 1  d  i  t  i  on  s  with  Plan  MX .  As  shown  in  this  figure,  the  greatest  effects  oc¬ 
curred  .luring  the  I  ow- wa  t  e  r  period  in  the  i  milled  i  a  t  e  entrance  area  at  s  t  a  2  ,  4  , 

aril  '  .  I.ow-water  levels  at  s  t  a  2  ,  4  ,  and  S  were  0.4,  0.7,  and  0.8  ft  higher 

than  Base  conditions,  tespedively.  low— water  levels  upstream  averaged  about 
0  2')  ft  h  i  gli  r 1 1  than  Base,  while  h  l  gli  -  wa  t  e  i  levels  avri  aged  about  0.2  ft  1  owe  r 
than  Base  conditions  t  It  i  .  uigln  hi  t  the  e t  ua  i  v  .  I  he  I  owe  i  i  ng  of  high-water 
levels  and  the  raising  ■ .  1  I ow - w  a  t  e i  levels  resulted  in  a  significant  decrease 
!  i  ■  t  i  ■  I  e  range  throughout  the  e  ■■  t  ua  r  v  .  I  he  time  .i|  occurrence  .  ■  t  ho  t  h  h  i  gli  — 

Hid  I  ew  -  w  1 1  e  I  level;,  w  .  i  .  .  i  Boll  t  a  .it  i  1 1  t  c  I  hi  I  a  t  e  1  than  that  observed  during 

B  i  :.e  conditions. 

1  U  I  I  e  !  ,  f  ;  . 

I  c  c  pile  cl  |,C|  |  >.  .  ■  II  , ;  i  x  ,  n  1  ■ .  -u  i  I  V  .  ui  rent  Vt  I  .  o  i  t  \  men  Ml  r  elite  II  t  S  at 

I I  lore,  i  r  ■  shown  in  I  I  it  .  .  I  - .  •  ;  I  i  •  w  p  i  e,  |,  .m  i  nu  m  e  c  a  I  t  it  I  a  t  i  on  s  a  re 

.  1 1 ...  -  <  ■  1 1  ■  i  *  i  I  !  c  ■  w  p  i  <  .  i .  i  1 1 .  i  - 1 .  .  c  a  [  ■  i ;  !  c  t  i  ■  r  r  ‘.  !  ■  ■  r  stations  I  <  *  c  .  1 1  *  1  a  I  o  ug 

Mr.  ’•  i  ■  ■  II  t  .  I  !  I  <|.  ii*'  !  own  Ml  !•  I  gli  i  .  *  I  S II  r  t  1 1  e  t  II II  of  1 1  pa  t  t  <  i  n  s  ale 

I  .  ..  '  !  :  'fit  c  S  -I','  1  '  ell  P  X  .  cued  :  .  I  >1*  I  1  I  ’  I  e  '  1 1  ■  1  It  g  e  1  c  .  I  I  I  1  e  II  t  ) ,  111  the 


low  water  slack 


l.ow-water  slack  average  'lye  concentrations. 


indicated  by  t  he  profiles  in  Figure  57.  Rather  surprisingly,  the  only  changes 
in  mixing  characteristics  'luring  the  period  of  minimum  salinities  in  the  en¬ 
trance  area  and  lower  estuary  occurred  at  stations  well  away  from  the  plan 
(sta  BA ,  8C ,  10 C,  and  12B). 

101.  Maximum  salinity  concentrations  were  generally  about  1  to  2  hr 
longer  in  duration  than  those  observed  during  base  tests.  The  overall  effect 
of  Plan  BK  was  to  cause  a  small  increase  in  salinity  concentrations  throughout 
the  estuary. 

Dye  dispersion 

102.  The  effects  of  Plan  BK  on  dye  dispersion  during  a  period  of 

If)  tidal  cycles  at  50  locations  throughout  the  estuary  are  shown  in  Plates  504- 
5  5  5  .  Maximum  and  average  dye  concentrations  are  shown  in  Table  5.  Average 
dye  concent ra t i on  profiles  for  stations  located  on  the  center  line  of  the  navi¬ 
gation  channel  are  shown  in  Figures  5K  and  50,  hws  and  lws,  respectively, 
iiverall,  there  were  no  significant  changes  in  dye  dispersion  as  a  result  of 
tests  conducted  with  Plan  BK  installed  in  the  mode).  Both  till'  high-water  and 
low-water  average  dye  i  mu  mil  r.it  ion  profiles  Ini  stations  located  on  the  chan¬ 
nel  i enter  line  did  indicate  a  weak  trend  toward  a  slight  reduction  in  dye  con¬ 
centrations  in  the  estuary  downstream  from  Newhu ryport  and  an  increase  upstream 
1  r i mi  that  point.  Peak  dye  iuiu  ent  rat imis  and  arrival  time  of  same  were  es  sen  - 
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Sal  i  a  1 1  it's 

100.  The  effects  of  Flan  BK  on  hourly  salinity  concentrations  at  29  lo 
cat  ions  throughout  the  estuary  are  shown  in  (Mates  242-270.  Average  salinity 
concentrations  are  shown  in  Table  2.  Profiles  showing  average  salinity  con¬ 
centrations  at  stations  Imateil  on  the  center  line  of  the  navigation  channel 
are  shown  in  Figure  57.  Generally,  Plan  BK  had  very  little  effect  on  maximum 
salinities  (hwsj  hut  did  result  in  increasing  the  minimum  salinity  concentra¬ 
tions  ( 1 ws ) .  However,  maximum  salinity  concentrations  at  stations  located  in 
the  extreme  upper  portion  of  the  estuurv  were  slightly'  higher  than  base.  The 
greatest  effects  occurred  during  the  Iws  sampling  period  at  bottom  depths,  as 
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Figure  57.  Ave  i  age  salinity  profiles.  Plan  151. 


are  shown  in  Photos  hi  -  h  7  .  Maximum  nirrnils  throughout  the  entrance  area  were 
changed  s  1  gn  1  f  i .i  11 1  I  y  .is  .1  result  ot  Plan  HK  .  Current  velocity  me.i  s  u  remen  t  s 
.it  17  stations  (st.i  UA-KC),  located  in  the  entrant  e  area  and  immediately  sea¬ 
ward  of  the  jetties,  were  changed  as  follows:  111.1  x  1  mum  ehh  currents  measured 
at  t  fie  surface  depth  were  increased  at  U  stations,  reduced  at  i  stations,  and 
remained  relatively  unchanged  at  10  stations.  The  maximum  ini  reuse  at  the 
surface  depth  was  1.9  f  ps  at  sta  Tli,  and  the  maximum  det  reuse  was  1.0  f  ps  at 
sta  2B.  Maximum  middepth  ehh  torrents  were  increased  at  seven  locations,  de¬ 
creased  at  three  locations,  and  unchanged  at  seven  local  ions.  The  greatest 
increase  at  the  middepth  was  5.0  f ps  and  occurred  at  sta  2 A ,  while  the  greatest 
decrease,  measuring  3.0  I ps ,  occurred  at  sta  2B.  Maximum  ehh  currents  mea¬ 
sured  on  the  hot  tom  were*  higher  than  base  at  six  locat ions,  lower  than  base  at 
five  locations,  and  unchanged  at  six  locations.  Iho  greatest  increase  was 


1.0  1 ps  at  sta  2A .  The 

grea t  es  t  dec  r 

rase'  was  2.3 

f  ps  and  oc  eu r 

red  at  sta 

2B . 

Sta  2  B  ,  lor. lied  seaward 

0  f  L  he  no r t  h 

jetty  ext ens 1 

i  on  po rt i on  of 

the  plan, 

wa  s 

almost  completely  shielded  from  ehh  currents  hy  the  structure  throughout  the 
tidal  cycle;  therefore  maximum  reductions  in  ehh  currents  were  observed  at 
this  I  ■  >c  .1 1  1  on  . 

98.  Maximum  flood  currents  measured  111  the  entrance  increased  with 
Plan  BP  1 11st  .1  I  h1  I  ;  however,  one  station  (sta  b  C.  ,  surface  and  bottom  depth) 
showed  a  smu I  I  decrease.  Maximum  currents  at  the  other  stations  (surface, 

111 1  Ideplli,  md  hot  tom  depths)  averaged  about  1.3  t  ps  higher  than  those  observed 
dm  1  ml1  base  tests  I  he  greatest  1  in  reuse  was  3.9  f  ps  and  was  observed  at 

..fa  'A  Both  ma  x  1  mum  ehh  and  flood  rollouts  me  a  s  11  red  at  stations  located 

a  h  •  ■  1  than  t  he  on  t  I  a  m  e  showed  small,  iusiglillie.ini  change:. 

UP  flow  p  reili  >m  1  na  n  1  e  was  likewise  a  I  t  e  c  (  e.  I  t  .  (lie  Cl  out  c 1  s  t  do  g  Its  :  U 
the  entrance,  as  shown  h  v  the  p  1  o  !  1  I  e  s  in  f  1  gu  1  o  it> .  P  redoin  1  ua  n  t  flow  d  1  1  1  1  - 

I  ion  was  completely  t  e  vo  1  s  .  d  at  seven  I  locat  ions  as  a  >  e :.  u  I  t  of  Plan  It  I .  . 

With  the  exception  of  oil  1  Y  a  feu  points,  ehh  flu,  was  weakened  it'  the  entrance' 
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patterns  in  the  entrance  or'  on  the  hear  lies  ami  offshore  areas.  The  shoals 
existing  'luring  base  tests  in  sections  .J  1  7  to  J18  were  reduced  by  the  plan. 
Other  than  tins  area,  in  the  immediate  vicinity  of  tile  plan,  there  were  no 
significant  changes  to  the  base  condition  shoaling  and  scour  patterns. 

93.  (Mate  i()2  shows  t  lie  effects  of  Plan  if.  with  respect  to  the  base  at 
each  individual  test  section.  The  data  in  this  plate  and  in  Table  4  show  that 
Plan  IK  resulted  in  an  overall  slight  increase  in  shoaling  in  sections  located 
along  the  north  hear h  of  Plum  Island  (sections  (5  1 3  to  G19).  The  shoaling 
index  lor  the  navigation  channel  was  104.9  or  4.9  percent  higher  than  that  ob¬ 
served  tor  base  tests.  The  data  in  Table  4  and  the  profile  plot  in  Plate  503 
show  that  the  plan  caused  an  increase  in  the  shoaling  rate  on  the  outer  bar  at 
the  peak  shoal  sect  ion.  file  peak  shoal  located  on  the  inner  bar  was  reduced 
slightly  and  relocated  one  section  (500  It)  farther  upstream.  Other  than 
these  two  areas,  there  was  very  little  difference  in  the  plan  and  base  condi - 
t  i  on  shea  I  i  rig  i  ndex  prof  i  I  e  . 

Plan  15  K 

I  i da  1  he i ght  s 

9b.  The  effects  of  Plan  UK  on  hourly  tidal  heights  are  shown  in 
Plates  21, '-220.  Plan  15K  lowered  high-water  levels  and  raised  low-water  1  eve  1 s 
as  shown  by  the  tide  level  profiles  in  Figure  53.  Maximum  effects  on  high- 
water  levels  occurred  at  sta  7  and  8,  located  in  the  upper  portion  of  the 
i'M nnrv,  while  maximum  effects  on  low-water  levels  occurred  at  stations  lo¬ 
ta  t  e  d  in  the  entrance  (sta  2  ,  i ,  a  ri  if  3  )  ■  High-water  levels  a  t  sta  i  and  8 
weie  lowered  h v  0.2  and  0.5  It,  respectively,  while  low-water  levels  at  sta  2  , 
»  ,  a  nd  >  were  raised  0  .  ( ,  i) .  4  ,  a  ml  0  .  5  It  ,  respect  i  ve  I  y  .  file  re  was  a  delay  of 

i  it.  i  o  I  |  ' ,  to  2  0  iii  i  n  i  1 1  the  t  mix'  of  oc  t  u  r  r  en  c  e  of  both  high-  and  low-water 

level  .  t  I)  roll  gilt'll  t  the  i“  1  iiarv.  I  lie  tide  range  was  dec  reased  about  0.4  t  t  111 

I  In  en  t  i  i  n>  e  ,  0 . 2  It  in  the  ieuti.il  portion  "  t  the  estuary,  and  about  0  .  a  ft 
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•In  t  i  UK  the  minimum  salinity  period  .it  st.i  1()P  ,in<I  Idli.  The  duration  ol  111,1x1- 
miim  s.i  I  i  n  i  t  y  rom  cnl  r.it  imis  w.i  s  slightly  limber  than  base  c  ond  1 1  i  uns  . 

I)vc  il  i  spe  i  s  1  mi 

111.  !  lie  e  I  t  ec  t  s  el  1’  1  u  n  15  X  ell  dye  dispersion  t  11  r  ell  X  Imu  t  the  test  pe¬ 
ll  1  "1  (It;  >  v  (  I  es  )  .it  i()  locations  throughout  the  es  t  u.i  ry  u  re  shown  i  n 

Plates  5  Iti-  ion  .  Max  I  in  1 1  in  dye  inm  ent  r.it  inns  .Hid  average  live  i  oik  ell  t  r.i  t  i  oils  for 

the  .  1 1 » o  v  e  st.it  ions  .ire  shown  in  Table  d.  Average  dye  eon  rent  ru  l  i  oil  profiles 
for  hws  and  I  w  s  sampling  periods  at  lor.it  ions  along  the  t  ha  nne  I  i  enter  line 
ate  shewn  in  Figures  4 5  and  44.  respectively.  Plan  BX  generally  caused  only 
small  ( hanges  in  dye  concentrations  throughout  the  nstuurv.  Figure  45  and 
table  5  show  that  hws  average  dye  concentrations  at  locations  downstream  from 
the  i  n  |  ei  t  i  on  I  ei  a  l  i  on  were  relatively  unchanged,  as  average  changes  were  gen  - 
e  i  a  I  1  v  plus,  or  minus  I  to  4  pph .  Likewise,  changes  upstream  I  mm  the  injec¬ 
tion  location  aie  c  oils  i  dc  red  i  n i  gu  l  I  i  c  an  t  ,  as  they  also  sllowe<l  plus  and  minus 

'Meets.  Maximum  change  nc  i  hi  n'd  at  s  t  a  0  A ,  a  station  located  very  near  t  Ilf" 

i  n  ]ec  t  1  oil  point. 

II.:.  I.ws  average  dye  concentrations  were  not  changed  to  anv  significant 
degi  *  *  e  ,  however,  a  weak  trend  did  develop  as  average  dve  c  one  cut  r.i  t  i  oils  at 
most  locations  were  slightly  h a  ghe i  than  those  observed  during  base  conditions. 
I'.n  t  i  a  lie  e  fixed-bed  shoaling  and  scour 

115.  The  effects  of  I'  I  a  u  BX  ■  >ii  shoaling  ami  scour  in  the  en  l  r.i  nee  area 
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to  a  value  ot  4 .  4  peri  rut  fur  the  plan.  Sections  l‘J-23  in  the  channel  were 
completely  scoured  out  as  a  result  <>t  Flan  BX  . 


114.  Shoaling  ami  sunii  patterns  in  I’late  16  6,  when  compared  with  base 
condition  patterns  in  Figure  14,  show  that  Flan  BX  had  very  little  effect 
on  patterns  north  and  south  ol  the  respective  jetties  or  in  the  adjacent  off¬ 
shore  areas.  I  he  outer  liar  shoal,  as  previously  discussed  in  the  above  para¬ 
graph,  was  relocated  seaward.  As  seen  in  Flute  lb6  ,  considerable'  scour  oc¬ 
curred  along  the  entire  length  of  the  navigat  urn  channel. 

11').  Although  the  sketch  in  Flute  inn  shows  some1  scouring  along  the  mi 
mediate  noith  shore  ol  Flum  Island,  the  overall  change  ill  this  arr.i  (sec¬ 
tions  til  a— blh)  as  shown  bv  the  values  in  Flute  ib7  were  toward  increasing 
shoaling.  Sec  l  ions  Hlu-lll'f  also  showed  either  no  change  or  a  small  increase 
"Vei  that  observed  tor  base  conditions.  The  value's  ill  F  I  a  t  e  167  show  the  ef¬ 
fect:.  of  Flan  HX  tor  iuitividii.il  sections  and  are  presented  as  a  percent  of 
base  test  volumes  recovered  from  each  section. 
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in  I  I  noil  current  velocities  i  mined  i  a 1  e  1  y  upstream  (stu  7A  .tail  HP  )  .  These  max  i  - 
in  i  tin  current  vc  loi  i  t  it's  were  in  excess  o!  8.0  f  ps  .iml  in  i  jili  L  lie  hay.u  minus  to 
small  ir.itt  uaviyatiny  the  area  during  either  of  the  above  periods.  The  in¬ 
creases  in  flood  current  velocities  .t  t  s  t  a  7  A  ,  HP  ,  and  I  2  li  resulted  in  s  i  y  n  1  t  i  - 
c  .tut  l  y  chanj'iii)'  the  base  condition  flow  predominance  at  these  stations.  Flow 
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I  i  mo  l  ion  of  f  low  at  <  ha  line  I  ceu  t  e  r  -  I  me  slat  ions  were  observed  at  on  I  v  three 
point  ■  At  s  t  a  (A  in  i  ddep  t  h  with  1 1  1  a  u  tK  installed,  the  base  ebb  p  r  edom  i  1 1  a  IK  e 

■  e  i  hanped  to  a  weak  flood  p  t  edom  i  u.t  nee  ;  and  at  s  t  a  SB  bottom  depth,  the  weak 

II  . I  p  i  e,  loin  i  1 1. 1  nee  was  thanked  to  a  weak  ebb  p  i  edom  i  tin  lice  for  each  of  the 

plan.  'll!  i  .  • ;  1 1  udm  tty  measn  cement  s  obtained  with  I’  1  a  ns  II  and  <K  are  i  oli- 

■  :  b  a  ■  I  I  o  be  ve  i  v  i  lose  to  ..i  within  t  fie  limits  o  |  at  t  lira  <  V  in  repeal  I  up, 

•  b  ■!,  '  I  I  i  I  ire  del  |  .  Sis. 
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lilt  i  1 1 K  tin'  I  w 1 1  <  ■  i  :  <  >  1 1  ( in  i  II  i  ilium  s,i  I  1  n  i  t  V  )  ,  while  S.I  1  I  ti  I  t  V  t  .  mm  ei  1 1  I  .i  t  I  mi;,  eu  i  u  i  • 
i  I  UK  during  1  he  hws  periud  (maximum  sulillity)  were  i  II  (  I  uen  I  ell  Ve;V  little  hv 
the  1 1  |  .  1 1 1  s  . 

I  J  I  .  f 1  I  .ill  I)  res  i!  t  eil  in  I  ewe  t  ,i  ve  r.ige  :,.i  1  i  n  i  t  v  umi  enl  ml  mns;  u  in  1  1  i  ki 

:  he  II  t  fie  I  t  i  I  ■  [1  1  u  11  s  ,  III.  IX  i  III  uni  I  Inures  m'l  ill  I  nl  lieu  i  the  1 1  !  ,1 II  ,1  t  the  ill  I  I  hie  1 1 1  h 

i  in  I  I  >.  1 1  t  i  >ui  1'h'V.il  lulls  it  u  r  i  n  k  t  tie  I  w  sump  I  l  ny  |ie  i  i  i  >d  .  him  1 1  \m  -  u  !  i!  I  e.hi  c  e  tin 

X  t  e  II  t  '  >  t  ■  .1  I  !  II  I  t  V  I  II  t  I  111.  I  mi  it  llist.ll  I  e  I  I  III  t  tie  1 1  I  "  t  i  ,  t  |  >  e  till  t  In  '  t  t  •  ■  .  I  1 1  V  Sly 

II  t  l  '  Hit  '  I  e  1.I  I  e  e  .  1  !  I  e  , ,  t  1 1  e  i  t  i  v  e  p  t  .ins  w  i  ■ .  I  I  '  I  result  ill  -Hi  !  1 1 1  I  >  x  i  s  e  I  I  i  s .  i  I  1111  Lx 

I  II  I  I  III.  1  "II  hll  I  like  I*  I  .in  I  i  ,  Well  1  .1  II"  t  In-  S  I  y  1 1  I  I  1  <  .  I  1 1  l  . 

1  .  Ve  I  V  little  l  1 1. 1  II  ye  V.  .1  I.  II"  t  ed  III  Ve  I  t  I  >  1  I  I'l  i  X  I  II  "  t  S  t  I  .1  t  1  t  i  C  .1  t  1  ell 

ill  I  e  t  e  |  |  :  t  i  i  s  "I  'tie  s  V  ..  t  Ull  ,  eXi  e  p  t  111  t  tie  |  milled  I  a  '  t  V  I  ‘  I  II  I  t  V  "  t  t  tie  H  re  I  II 

III  t  ’  I  .in  .’i  u  in  I  i  <  t  em  I  t  ii  V  xemewdi.it  t  .if  t  lie  r  ups  t  r  e.mi  t  i  "in  '.lie  y  in  i  ii  s  ill  lJ  I  u  ns  lit 

1 1 1 . 1  I  ■■  \  .  the  h.i  :.e  i  ei  nl  i  t  i  mi  es  t  ii.  i  t  v  win  s  in  Ii  a  w  e  I  !  -m  i  xeit  s  vs  t  em  tint  t  lie  ,uh  I  : 

i'll  t  t  lie  pi  ms  ,  w  h  l  I  h  nener.it  e.|  .eh  t  i  t  I  "in  i  t  u  i  I'll  I  eiu  e  u  lid  ill  i  x  i  UK  ,  nene  r.i  I  I  \ 

•  I  I  !  1  !  I  I  e  e  |  t  ei  t  I '  I  .111  _’t  ll.i  1 1  tile  I  e.|  s  t  "Ve  I  .1  I  I  e  (  I  ei  t  ut  the  six  p  I  .1 II S 

I'd,  while  I'l  III  MX  exhibited  t  tie  n>ute::t  "t  lei  l  ell  s  .1  t  j  II  I  t  V  <  olid  it  i  nils  . 

live  h  I  : .  J I  e  (  :  i  ■■  i , 

hell  'I  the  six  P  I  .Ills  i  in.  e  s  t  I  I  I'd  hid  terv  little  e  t  t  e  i  t  nil  the 

Is  hinr  i  i  i  spei  i  in  i  h .  1 1  ■  i 1  tei  i  ■ ,  l  i  i  t  the  e  ■ .  t  u .  1 1  ■  v  .  \,n  :  a  ,  .  i  ■  .  d  >  s  e  r  v  ed 

.  i  !  1 1  t  i  d  i  !  In  -  i  >di  t  ;•  ,  v  n  ii  eii  1  s  ,  and  s.i  I  i  u  i  !  v  me.  i  s  ii  i  emeu  t  s  ,  tin-  in.  i  x  I  nn  mi  et  lei  ts 
■  'll  ;ed  ill  the  I  nulled  I  .1  t  e  V  I  i  till  t  \  I  I  1 1  r  ■  pi  ill  hi  111)',  i  li'.e  I  ;  .sit  ed  .  I  tie  base 

■  t  !  1 1  i  1 1 1  d  i  e:  ii  I  I  i  in;  plan  t  e  •  i  la’  i  !  ■  ■  i  Hide  t  dm  :  .  i::ip  I  i  in;  p"  l  lit  s  ami  pe- 

f  ■  "  i  '  ,'raei.n  .'  .  .  e  .  |  '  ' . .  !  ',  m  i  I  i  !  n  t  it.  j  I  S'  ''Ii!  I  at  '  "  i  tin  entire  t  e  :■ 

!  w.  ■  i  e  I-  ,  I  a  I'.'  I  ;  n  an  I  ■  level.;  ,  ■  •  !:;.••  I  ,  !  ••!  |  ...  i  .  . 

'  ;  '  I  II.I.V  :  ! , '  I  I  a  '  e .  ;  ;  ; ,  ,  <  !  I ! .  ;  ■  i  l  1 1  :  l.ad  V-'IV  I  '  t  ,  '  ■  '  t  t  e  i  t  1 1  1  !  . ,  ' .  i 

'I  :  .  !  d  <  ,  ' 

.  I  ■  'he  i : "  e  ;  ■.  j . ,  i  1 1 1  i  | !  y .  i  s  ,  several  leu  weal,  t  i  ■  a  d  i  ’  i  ' 

1  ■  I  :  .  i  i  , ■  i  I •  •  s ,  ,  ,  i  |  ;  |  . , 1 1  •  I  "  i  I  th  tin  h  .  and  Is:  s  imp  1  I  i! 

■  ;  i  ■  i  •  •  i  ■  i  ,  - 1 1 1  !  ',  ! :  :  ,  ■ 1  ■  •  I  1 1  i  u  !  ■  i  >  ■  n  I  I  t  i  ■  ■  1 1  .  i  V  e  i  . ;  .  ■  r  ;  1 1  i  .  tils  ad  n  he 

■  I  1  •  I  ‘  i  W  •  !  ,  1  .  :  .  •  ,  I  •  I;  I  !  e  ,  1  e  1  e  III  I  }••  •  t  I  II.. Ii  I  Ilf  .it*  lilt’.  '  '  I  t  Ilf 
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1 i  .  I'  I  .i  n  IK  .  i  v « ■  r  .  i  ^  i  -  i !  vi  ■  i  nm  i'iit  i.il  inns  Ini  tin  t  1 1  liw  .x  .i  ini  Iws  periods 

s  In  ,v  mi  tti.it  .ivi'i  .ii;f  t  i  in  ii  mi  t  i  1 1  i  i  ms  v  i  ■  r  i  ■  t  - 1 1«  *  I  .1  I  I  v  level  than  ti.i  se  '  l‘  iwn  s  t  ream 

t  T  I  >111  t  tie  release  I II I  i  II  t  .Hilt  s  I  l gh  t  I  V  ll  I  ghe  r  II I  IS  t  I  f  1.1111  •  I  I  Jill  the  release  |m  I  II  t  . 

Ill  I  s  t  i  em  I  i  Mi  I  i  .ill's  a  reilm  t  i  "ll  ill  I  I  us  h  i  n  v  a  1 1  i  I  l  t  v  .  I’  1  a  ii  s  BK  a  ( i  ■  I  BX  average 

live  <  i j  In  e  1 1 1  I  a  t  i  1 1 II  s  I  e  t  |  ei  t  e  ■  i  tin-  same  go !  H  ■  I  a  I  t  I  e  in  I  as  was.  nliserve'l  with 

I '  I  a  ri  tK  avei  iK''  i  i '  ll  i  eii  t  i  a  l  i  i  'll  i  la  t  a  .  I  ll  e  i  i  •  t  i  j  i  i  •  these  I  im  plans  V  i  ai  I  1 1  also 

i  ,  1 1 1  s  e  a  slight  lei  i  imsi  in  tin-  t  lushing  1 1 1  i  I  i  t  v  "I  the  estuary. 

I  1 1  .  K  X  1  e  p  t  I  1 1 1 1  s  to  the  above  t  l  i  ■  1 1  ■  I  Vote  1 1 1 1 1  e .  I  With  'MI  !l  plan’s  test 

i  esti  Its,  t  he  i  eh',  imp  ha  s  i  /  i  ng  the  i  I  ■  sse  s  i  in  l  I  a  i  i  I  \  between  base  a  in  I  plan  t  nml  i  - 

I  i  "lis  .  I  he  i  e  |  u  i  i  •  it  is  i  ■  m  i  I  in  lei  I  that  l  lie  nvei  a  I  I  t  1  u  s  ii  i  n g.  a  h  i  I  I  t  V  <  >  t  the 

es  t  II  a  I  V  v  a  :  not  s  t  j»ti  it  ii  a  tit  I  V  he  I  pe.l  h  i  hurt  h\  the  i  list  .1  I  hit  umi  ■  ■  t  any  pa  I  - 

t  i  i  a  |  a  i  plan.  \  vei  v  large  p  e  i  a  e  j  1 1  a  g  e  "I  the  !  ■  t  results  Was  v  i  t  1 1  i  1 1  the 

I  i  HI  I  T  . .  ,  I  1111,1  1 1  Y  o  |  I  epe.it  I  111;  I  .  le  n  t  I  I  a  I  Him  le  I  list:  •  •  |  !  ti  I  s  1  Ype  .  Mte  i  e 

we  i  e  no  areas  in  the  nn  . .  1 1  •  I  whe  i  e  iitiie.ii.il  b  u  i  !  .  I  up  - 1  .Ii  y  let  mu  ••!  •  I  y  e  m  i  ian  1 

as  a  result  .'I  .HIV  tile  six  plans  tei-.teil 

I  a  1 1  i  .  i  n  i  e  Area  |-  t  ;<  e  1 1  -  Be  ■  I  S 1 1 <  >  a  I  i  n  g  and  Stour 

I  h  "  t  the  three  plans  t  IB ,  BK  ,  a  i  nl  BX  I  ,  involving  the  north  jetty 

extension,  i  i  |  ut  ei  I  ain  I  t  e  I  m  at  etl  seati.ini  the  , :  e  r  bar  shoal.  However,  eu>  h 
•  ■  I  these  !  hi'  '  plans  also  t  ause.l  an  even  great  ei  I  III  I  ease  111  silt  si  I  I  tig  over  the 
i  n  n  e  i  1 1  a  :  .  !  lie  j  e,  hi  i  t  imi  i.vei  the  out  et  I  si  i  w  mi  I  il  mean  less  t  re.pieu  t  dredging; 

I'll!  at  the  s  line  time,  the  plans  v>  'll  I  'I  re*|ll  I  le  ■  I  I  edg  1  tig  a  greater  Vo  I  little  a  II.  I  at 

more  |  i  is  pien  t  intervals  on  the  inner  1st  r  to  maintain  the  a  it  t  ho  r  i  /.etl  ilia  line  I 

■  i .  •  I  >  t  1 1  .  No  n  r  o  t  tlie  almve  plans  t  a  use.  I  a  n  v  sii’.ni  I  n  ant  t  ha  nge  in  shoaling  and 

■  . it  i  at  vs  "  t  patterns  along  the  lic.n  lies  m  along  the  eastern  halt  <  •  t  the 

le  i  I  ll  s  In  ■  i  '  ■  I  i  1 1 1 '  o  t  the  I '  I  1 1  in  Island. 

Ids  hr.  an  a  link  •  •  t  tin  surl.iie  t  m  a  fill  pattern  photographs  ot  these 

!  1 1  I  i ' '  pine,  together  with  tile  shoaling  and  .v<  "ll  I  pattern  s  ke  t  t  1 1  e  S  ,  it  IS  evi¬ 
dent  that  th'-  t  i  .  ini  e  b  I '  .  in  lent  :■  i  a  i  is  is  I  h  v  tin  1 1 "  t  I  It  |  <  tty  extension  ate 

t  .  ii  I  i  1 1  g  I  level  p  a  new  .  1 1 !  e  i  Imi  t  ha  ll  Ii  i  I  in  a  Hi"  t  e  . . '  her  I  V  '  i  I  e '  1 1  1 1  i  H  ll 

!  :  :i i  lie  pie  i  i : '  \  1 1 1 !  h i  i  i  .'  e.  I  i  i  i  r  i  ime ii  I  I  i I  i  '■  situation  >  -ill'!  eventually  t  e  - 

sit  I  S  Hi  I  1 1  1  :  e  |  ■  e  11,  f  i  I  f  I  !  I  ', '  |  |  i  tile  p  I  e  '  e  1  1  I  i  h  H  I  tl  t  ■  I  'Veil  t  1 1  '  1 1  g  h  r  1 1  *  1 1 1  *  ‘  1  tests. 

I  ■  1  '  ,  |  |  e  t  lie.  IS'' 

:  .  o  i  ;  Hi  .  ,  I  '  ,  and  -I  .  I  I  Ke  the  t  1 1  |  e  e  ,  Hi!  .1  I  St  IIS'"  d  a  b "  \  t  '  ,  hid 

v  e  ;  V  lit,.  •  I  1  e .  |  .  .  1 1  I ....  i  j  lie,'  H  d  .ell,  I  I  t  e  •  ...Itteius  along  the  heat  lies 

S .  I 


■  nut  iif  t  shore  .iii'.is  ,  01  .  i  I  I  mx  thi'  I'.isli'i  ii  fi.i  I  !  •  ■  1  l  ! .  •  ■  :  s  •  i  l  1 

I  S  1  .1  ll<  1  .  H  I  .111  S  I  )  .mil  Hv  fl.nl  lilt'  1  IMSt  fill'll  ■  •  I  III.  1  III'  II.'  ■  .  .  I  '  1  I  • 

.is  vr  i  v  sin.  i  I  I  i  hi  nye  s  I  is  mi  I  si  si-  i  unit  i  t  i  mis  v>  r  n-  lint  is!  II  i : ,  !  i I  1 
w  if  vi'  i  v  s  i  in  l  I  .i  r  .  K  ,i  i  h  1 1 1  .i  n  i  .i  ii  s  f  ■  I  .i  sin.  i  I  I  i  in  i  i  i  s  i  ■  l  ■  •  Ilf  i  ■  if 

i'll  I  i '  I  I  >.  I  r  .  Ill  1  S  sho.il  Vs  .1  S  I  c  1  ill  .it  ril  .1  I  H  ill  I  'it  'l  I  It  s  f  .1  Vs  .1  I  ■  1  '..ill:  i  .  I  ‘  i 

.1  ii.  I  w.is  ii'  I  .it  i  vi- 1  y  mi  i  h.i  n  ye.  I  with  f '  I  .  1 1 1  iK  .  S  f  i  ■  ■ .  i  I  i  1 1  i-  i  .1 1  i  -  •  -\  ■  • :  1  Is  ■  ■  '  1  i  i 
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